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ABSTRACT 
Flexible pavement structures are built in layers with a certain degree of bonding at the 
interface, which is affected by several factors which could be either material related, or 
construction related.  The tack coat material type, residual application rate, tack coat coverage, 
and pavement surface type are attributed as material related factors.  On the other hand, 
cleanliness, moisture, and vertical confinement pressure could be classified as construction 
related factors.  The objective of this study was to quantify the effects of these factors on the 
pavement interface bonding in terms of interface shear strength.  
Five types of tack coats, four of which were asphalt emulsions; CRS-1, SS-1h, SS-1, and 
Trackless, and one paving grade asphalt binder, PG 64-22, were considered at three residual 
application rates; 0.14 (0.031)  l/m2 (gal/yd2), 0.28 (0.062)  l/m2 (gal/yd2), and 0.70 (0.155)  l/m2 
(gal/yd2).  The selected tack coats were applied on four different pavement surface types; 
existing HMA, new HMA, milled HMA, and Portland Cement Concrete (PCC).  In addition, for 
each pavement surface type, a “no tack coat” condition was included in the analysis.  The 
influence of moisture and cleanliness were evaluated by careful application of water and dirt 
respectively.  
To simulate these test conditions, test specimens were obtained from  the test sections 
designed and constructed at the Louisiana DOTD Pavement Research Facility using 
conventional tack coat application method and paving equipment.  Specimens were extracted 
from the research facility and were tested in the laboratory at 25 (77) oC (oF) under two vertical 
confinement pressures, 0 (0) kPa (psi) and 138 (20) kPa (psi), using a direct shear test device.  
The study yielded several important conclusions.  The results strongly supported the need 
of applying tack coats for improving pavement interface bond strength.  Except for the milled 
  xvii
surface, the rest of the surfaces failed to adhere with the HMA overlay, in absence of a tack coat. 
Trackless emerged as the most effective tack coat, while SS-1 and CRS-1 were among the least 
effective tack coat materials.  On a general basis, an increase in the residual application rate 
showed an increase in the interface bond strength, which is why an optimum application rate 
could not be established within the application rate range considered in the study.  Among the 
four pavement surface types, milled HMA surface provided the highest bond strength with the 
HMA overlay.  The presence of dirt at the interface remarkably improved the pavement interface 
bond strength.  Presence of moisture did not have any consequential influence on the interface 
bond strength.  Irrespective of tack coat material type, residual application rate, and pavement 
surface type, interfaces subjected to 138 (20) kPa (psi) vertical confinement pressure a provided 
higher shear strength than those  to 0 (0) kPa (psi).  However, the effect of confinement 
diminished with an increase in the residual application rate.
  1
CHAPTER 1 INTRODUCTION 
1.1 Background 
Modern asphalt pavements are characterized by composition of several layers. This 
applies to both, new as well as existing pavements following overlay procedures.  Asphalt 
pavements cannot be constructed in a single lift if the thickness of the pavement is higher than 
2.5 to 3 inches due to the compaction difficulties offered by thicker lifts.  Hence, asphalt 
pavements are built in layers instead, making the construction of interfaces between layers 
inevitable.  Being a layered structure, the life of an asphalt pavement not only depends on the 
strength and stiffness of its individual layers, but also on the bond between them which is 
influenced by a variety of factors.  Perhaps, the most important variable which influences the 
bond between the pavement layers is a tack coat.  
The use of tack coats is routinely practiced in pavement construction activities for 
providing necessary bonding between consecutive pavement layers.  A tack coat is normally 
applied to an existing, underlying pavement surface before a new layer of hot mix asphalt 
(HMA) is placed.  The existing surface could be an old asphalt concrete layer or a Portland 
cement concrete pavement.  The sole purpose of a tack coat is to provide a necessary adhesive 
bond between the pavement layers.  This bond ensures that the pavement layers work together as 
a monolithic structure to withstand the traffic and environmental loading.  A tack coat is 
considered to be a simple, yet essential part of the pavement construction process.  It is relatively 
inexpensive in terms of total cost of pavement construction.  
The most commonly used tack coat material is an asphalt emulsion.  The use of paving 
grade asphalt cements as tack coats is also not uncommon.  Cutback asphalts have been used as 
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tack coats in the past.  However, their use has significantly declined over the past few years due 
to some environmental concerns related to its volatile components.  
An important factor while applying a tack coat is the quantity in which it is applied or in 
other words, the application rate.  Too much or too little tack coat, both can have detrimental 
effects on the interface bond strength.  Other factors which influence the pavement interface 
bond strength include cleanliness of the interface, existence of moisture at the interface, and the 
texture of the interface itself.  The type of the tack coat material and the application rate, 
predominantly, play a major role in providing a successful bonding between pavement layers.      
1.2 Problem Statement                                                                                                                                                                           
In past, the role of interface adhesion has quite often been neglected with an assumption 
that adjacent asphalt layers are fully bonded together without any relative slip, when in reality 
they may not be.  So far, maintenance strategies were based on surface characteristics and 
distress phenomena without realizing the importance of interlayer adhesion properties.  
Problems related to poor interface bonding have persisted since a long time back.  In the 
early 1970’s, a high number of premature bond failures were reported between surfacing and 
binder course materials [Peattie, 1980].  In Japan, Hachiya and Sato [1997] reported frequent 
airport runway surface failures in areas subjected to high braking and turning forces.  Lepert et 
al. [1992] reported severe pavement failures due to lack of interface bond which affected 5% of 
the French Highway network.  In United States, Charmot et al.[2005] reported interface slippage 
on 44% of overlay projects in Nevada.   
The poor bond between asphalt layers produces many pavement distresses, the most 
typical being slippage cracking.  This type of distress is typically a crescent or half-moon in 
shape with both ends pointed into the direction of traffic.  Slippage cracking is most often 
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observed at locations such as intersections and sharp curves, where traffic accelerates, 
decelerates, or turns causing the pavement to slide or deform.  In absence of a proper bond, the 
pavement layers begin to slide on one another usually with the top layer separating from the 
lower layer.  The dynamic vehicle load creates normal and shear stresses which are transferred to 
underlying asphalt layers.   
  
Figure 1.1 Slippage Cracking Due to Bond Failure Between Pavment Layers [Woods, 2003] 
 
  Some other pavement distresses have also been associated with poor interface bond 
between pavement layers such as premature fatigue, top down cracking, potholes, distortons and 
surface layer delamination.   Distortion is the deformation found mostly in the surface course.  
Delamination is characterized by loss of bond between various layers of asphalt concrete.  
Presence of any of these stresses can seriously compromise the pavement’s structural 
integrity as the loss of bond leads to increased subgrade deformation due to higher vertical 
compressive stresses.  This degrades the ride quality.  More importantly, the structural integrity 
of the pavement is compromised.  A proper bond at the asphalt layer interface is, hence, vital in 
maintaining the pavements structural and functional integrity.  A sound adhesive bond between 
pavement layers would enhance pavement performance and minimize maintenance cost.    
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1.3 Objectives 
The objective of this research was to evaluate the factors affecting the interface shear 
strength of pavement layers, by optimizing the performance of different types of tack coats, 
through controlled laboratory direct shear tests under a wide range of testing conditions 
commonly encountered in field applications.  The specific objectives of the proposed research 
were as follows: 
• Evaluate the influence of tack coat material types and residual application rates on the 
interface bond strength. 
• Evaluate the effect of construction conditions such as dirt and rainfall on the interface bond 
strength.                                                                     
• Evaluate the effect of pavement surface type, on which the tack coat is to be applied, on the 
interface bond strength. 
• Evaluate the influence of vertical confinement pressure on the interface bond strength.    
1.4 Scope                                                                                                                                                                       
The performance of tack coat materials on four different pavement surface types was 
evaluated: existing HMA, new HMA, milled HMA, and PCC.  The selected tack coat materials 
were distributed with 100% coverage on the test sections constructed at the Louisiana DOTD 
Pavement Research Facility.  Four types of emulsified tack coats, CRS-1, SS-1h, SS-1, and 
trackless, and one binder AC PG 64-22 were considered at three residual application rates; 0.14 
(0.031)  l/m2 (gal/yd2), 0.28 (0.062)  l/m2 (gal/yd2), and 0.70 (0.155)  l/m2 (gal/yd2).  These 
residual application rates represent low, medium, and high rates respectively.  In addition, a “no 
tack coat” condition was also included in the analysis.  The effect of construction conditions such 
as wet and dusty conditions were also considered.  Direct shear tests were performed at 25 (77) 
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oC (oF) under two vertical confinement pressures, 0 (0) Kpa (psi) and 138 (20) KPa (psi).  To 
assess the variation in the results, triplicate samples were tested.                                                                                
1.5 Outline                                                                                                       
The contents of this thesis have been divided into five chapters including this 
introductory chapter.  Chapter 2 provides an extensive literature review on some field and 
laboratory studies that were conducted to examine the pavement interface bond strength, 
followed by a comprehensive insight on factors affecting the interface bond strength.  Chapter 3 
provides an in-depth step by step explanation on the methodology that was utilized to conduct 
the experimental work.  Chapter 4 comprises of discussion on test results along with statistical 
analysis.  Chapter 5 gives summary on conclusions for the research work done, and provides 










CHAPTER 2 LITERATURE REVIEW 
2.1 Introduction 
This chapter focuses on an extensive literature review on some field and laboratory 
studies that were conducted in the past several years to examine the pavement interface bond 
strength.  It also elaborates on the various factors that affect pavement interface bond strength. 
2.2 Previous Studies on Evaluation of Pavement Interface Bond Strength                                                 
In flexible pavement design, the interface is assumed to be rough with complete bonding 
at the interface.  This, however, is not true in practice.  The degree of bonding at the pavement 
interfaces affects the stress distribution within the materials that constitute a layer.  This stress 
distribution is, predominantly, affected by the interface bonding condition between upper 
pavement layers; the surface course and the underlying base course.  A number of laboratory 
studies have been conducted to investigate the adhesive properties at the interface between the 
upper pavement layers using shear or tension mode.  This is due to the fact that both the distress 
modes can cause pavement failure under traffic loading (Figure 2.1).  All such major studies 










Figure 2.1 Possible Modes of Pavement Interface  





Uzan et al. [1978] were one of the first researchers working on the pavement interface 
problem with laboratory tests.  They studied the interface adhesion properties of asphalt layers 
by conducting direct shear tests on laboratory compacted HMA specimens.  A 60-70 penetration 
binder was used to bond the asphalt layers at application rates of 0.0 (0.0), 0.49 (0.11), 0.97 
(0.22), 1.46 (0.32), and 1.94 (0.43) l/m2 (gal/yd2).  Tests were performed at two temperatures; 25 
(77) and 55 (131) oC (oF).  A constant displacement rate of 2.5 mm/min was used to shear the 
specimens.  The shear tests evaluated the interface bond with normal stress levels of 0.05 (0.71), 
0.5 (7.11), 1.0 (14.22), 2.5 (35.56), and 5.0 (71.11) kg/cm2 (lb/in2).  They concluded that the use 
of tack coat improves the interface shear strength.  It was reported that the shear resistance of the 
interface decreased significantly with increasing temperature and decreasing normal force.  They 
also found that, for the material combinations they tested, there was an optimum amount of tack 
coat at which the shear resistance of the interface was at a maximum.  According to their study, 
the optimum application rates were found to be 0.49 (0.11) and 0.97 (0.21) l/m2 (gal/yd2) at 55 
(131) and 25 (77) °C (oF), respectively. 
In Italy, Santagata et al. [2005] used an Ancona Shear Testing Research and Analysis 
(ASTRA) device (Figure 2.2) to evaluate the interlayer shear resistance.  The influence of 
various parameters, such as tack coat type, temperature, and applied normal load, on the 
interlayer shear resistance, was examined.  They found that inner cohesion and dilatency 
decreased with increase in normal stress.  The interface shear strength was found to increase with 
an increase in normal stress for a given temperature.  For a given normal stress, interface shear 
strength increased with a decrease in temperature.  For each level of temperature and normal 
stress, interfaces with tack coat treatment generated higher shear strengths compared to 




Figure 2.2 Ancona Shear Testing Research and Analysis (ASTRA) Shear Box Apparatus 
for Evaluation Bond Strength [Santagata et al., 2005] 
 
In Austria, Tschegg et al. [1995] developed a wedge-splitting test (Figure 2.3) for 
measuring the fracture-mechanical behavior of bonding between HMA layers.  
 
 
Figure 2.3 Wedge-Splitting Test Device [Tschegg et al., 1995] 
Cylindrical specimens were prepared by compacting one HMA layer over another.  A 
cationic bitumen emulsion and a polymer modified bitumen emulsion were applied at the 
interface between two HMA layers.  The application rate was not specified by the authors.  The 
effect of six different temperatures; 10.5 (50.9), 5 (41), 0 (32), -5 (23), -10.0 (14), and -21 (-5.8) 
oC (oF) was evaluated on the interface bonding.  The authors noted an increasingly plastic 
  9
behavior of asphalt with increasing temperature.  The interface bond strength dropped with an 
increase in temperature.  At low temperatures, the relationship between the force and crack 
opening was found to be linear.  No difference could be established between the two tack coats 
used in the study.  
In Japan, Hachiya and Sato [1997] investigated the effect of tack coat on the bond 
between asphalt concrete layers by conducting tension and shear tests.  Parameters such as tack 
coat material type, tack coat application rate, curing period, surface cleanliness, temperature, and 
loading rate were investigated.  The results showed that tack coat had a little role to play at lower 
temperatures, 0 (32) and 20 (68) oC (oF), but did contribute to the bond strength at higher 
temperature, 40 (104) oC (oF).  Also, the faster loading rate, 100mm/min, yielded much higher 
bond strengths than the slower loading rate, 1mm/min.  The authors reported that presence of dirt 
on the interface has a negligible effect on the bond strength if the tack coat is cured properly.  
The newly developed rubberized asphalt emulsion, PK-HR2, provided the highest bond strength 
at an application rate of 0.2 (0.044) l/m2 (gal/yd2). 
 Paul and Scherocman [1998] conducted a field trial to evaluate the frictional 
characteristics of tack-coated surfaces.  Three residual application rates; 0.05, 0.09, and 0.18 
l/m2, were chosen to reflect the residual asphalt on field site.  Friction testing was conducted at 4, 
8, and 24 hours after the application of tack coat.  Each section was tested in dry (without water 
delivery according to ASTM E-274), wet (with water delivery according to ASTM E-274), and 
flushed conditions (tack flushed with water using a water truck).  It was found that  typical 
residual asphalt rates, practiced in several states,  provided reduced friction capability for up to 7 
hours after application.  The authors suggested that vehicles should not be permitted to traffic the 
tacked areas at other than controlled speeds.  The residual asphalt rates, which appeared similar 
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to common practice in Louisiana, produced friction properties that could allow traffic at 
moderate speeds.  The study also reported that, after several days, friction numbers returned to 
the original condition because of the abrasion of tack coat material by traffic or weather abrasion. 
In Canada, Mrawira and Damude [1999] investigated the shear strength between two 
asphalt concrete layers.  Interfaces treated with tack coat material type SS-1 and without tack 
coat were tested in order to determine the effectiveness of the tack coat.  Contrary to 
expectations, the results failed to support the hypothesis that tack coat improves interface shear 
strength.  The non-tacked overlays exhibited slightly higher ultimate shear strength compared to 
the tack coated overlays.  It was reported that application of tack coat may weaken the overlay 
seam by introducing a slip plane instead of mobilizing a bond between the layers.     
Romanoschi and Metacalf [2001] performed direct shear tests on field cores obtained 
from the Louisiana Pavement Research Facility.  The cores measured 95 (3.75) mm (in) in 
diameter and had interface with and without tack coat.  Tests were conducted at 15 (59), 25 (77), 
and 35 (95) oC (oF) with four normal loads; 138 (20), 276 (40), 414 (60), and 552 (80) kPa (psi).  
Data obtained from the tests included three parameters; 1) the interface reaction modulus (k), 
obtained from the slope of the shear stress-displacement curves , 2) the maximum shear strength 
(Smax), and 3) the friction coefficient after failure (µ).  Direct shear test results show 
temperature affects k and Smax with and without tack coat, but not µ for interfaces with tack coat.  
Also, for interfaces with tack coat, normal load had no influence on interface reaction modulus 
or peak shear strength.  This implies direct shear devices for interface testing do not require 
normal load. 
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In a laboratory study, Sangiorgi et al. [2002] investigated the use of Leutner shear test 
(Figure 2.4) to measure bond condition between surfacing and binder course materials, and 
binder course and base course materials.  
 
 
Figure 2.4 Leutner Shear Strength Tester [Sangiorgi et al., 2002] 
 
A ‘standard’ amount of tack coat, comprising K1-40 emulsion was spread on the lower-
layer surface to give and average of 200 g/m2 of residual bitumen.  Three different interface 
treatments were considered; (1) tack coat applied on a clean surface (2) no tack coat but dirt was 
applied, and (3) tack coat applied with a layer of dirt over it.  Their results indicated that the best 
bond strength is achieved with an interface treatment prepared using a tack coat emulsion on a 
clean surface.  In comparison, dirty interfaces without tack coat showed significantly reduced 
shear strengths.  Most notably, even tack coat treated dirty surfaces failed to provide a sound 
bond. 
In ananother laboratory study, Mohammad et al. [2002] evaluated the effectiveness of 
tack coats on the shear strength at the interface between two HMA layers. Simple shear tests 
were performed on superpave gyratory compacted specimens inside the Superpave Shear Tester 
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(SST) as shown in Figure 2.5 and Figure 2.6. Four emulsions, two paving asphalt binders, five 
residual application rates, and two temperatures were studied.  The study identified the CRS-2P 
emulsion as the best performing tack coat with an optimum application rate of 0.02 (0.09) l/m2 
(gal/yd2).  The author concluded that increasing application rate at lower temperatures would 
generally result in decreased shear strength.  However, shear strength was found to be insensitive 
to application rate at higher temperatures.  Even with the best performing tack coat, CRS-2P, 
only 83% of pure mixture shear strength was obtained at 25 (77) oC (oF), indicating that 
interfaces potentially cause slip planes in flexible pavements. 
  
Figure 2.5 Shear Box with Prepared Sample 
[Mohammad et al., 2002] 
 
Figure 2.5 Shear Box Inside SST 
[Mohammad et al., 2002] 
 
Sholar et al. [2003] developed a simple direct shear test device to measure the shear 
strength of field cores (Figure 2.7).  Test were performed at 25 (77) oC (oF), and at a loading rate 
of 50.8 (2) mm/min (in/min).  The field cores were obtained from test sections with no tack, and 
with 0.091 (0.02), 0.266 (0.06), and 0.362 (0.08) l/m2 (gal/yd2) tack coat application rate.  Based 
on their findings, 0.266 (0.06) l/m2 (gal/yd2) was found to an optimum application rate.  Presence 
of moisture at the interface significantly reduced the bond strength.  Increasing the curing time 
increased the shear strength.  The surface texture significantly influenced the shear strength at 
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interface.  Coarse graded HMA mixture provided higher shear strength compared to fine graded 
mixes.  As the surface roughness increased, the influence of tack coat application rate started to 
diminish.  Moreover, for milled surface, the use of tack coat was ineffective in enhancing the 
bond strength at the interface.          
 
 
Figure 2.7 Simple Shear Test Device Developed by Sholar et al. [Sholar et al., 2003] 
                                                    
In Switzerland, Raab et al. [2004] investigated the interface adhesion of gyratory 
specimens using nearly 20 different types of tack coat materials.  The interface shear tests were 
conducted using the Layer-Parallel Direct Shear (LPDS) tester (Figure 2.8).   
 
 
Figure 2.8 Layer-Parallel Direct Shear (LPDS) Tester [Raab et al., 2004] 
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The influence of compaction (50 and 204 gyrations), surface texture (smooth and rough), 
moisture, heat and water on the interface bond strength were evaluated.  The study reported that 
all the specimens with smooth surface sustained higher shear forces than specimens with rough 
surface.  Presence of moisture and absence of tack coat was found to have a negative influence 
on adhesion.  The authors suggested that using a certain tack coat, shear adhesion could be 
improved up to 10% for a top-layer compaction at 240 gyrations, while such improvement was 
not observed for 50 gyrations.  All the tack coat material types used in the study provided similar 
test results.                                                                                         
In Australia, Choi et al. [2005] evaluated the effects of tack coat type, tack coat film 
thickness, test temperature, and curing period on cohesive shear strength, by testing laboratory 
compacted asphalt mixture specimens using the Leutner test.  The unmodified tack coats 
included TC 1, TC 2 (40% residue), TC 3 (60% residue).  The modified tack coats included BC 
1, BC 2, and BC 3, all three of which had a 65% residue.  The film thickness was calculated from 
the known spread rates, residual binder content and the specific gravity of the residual binder.  
The tack coats were applied at a thickness of 0.146, 0.194, 0.243, and 0.291 mm equivalent to 
150, 200, 250 and 300 g/m2 of application rate.  The samples were tested at three different 
temperatures; 10 (50), 20 (68), and 30 (86) oC (oF), after a period of 1, 2, 7, 14, and 28 days to 
examine the effect of temperature and curing respectively.  The author reported that the cohesive 
shear strength decreased with an increase in tack coat film thickness and test temperature.  
Curing was found to have a positive effect on the interface bond strength.  The polymer modified 
tack coats showed significantly higher shear strengths compared to unmodified tack coats.  The 
strongest polymer modified tack coat, BC1, showed cohesive shear strength approximately 5.5 
times greater than the weakest unmodified tack coat, TC3.                                                                                          
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Yildrim et al. [2005] evaluated the performance of tack coats applied to bond thin HMA 
overlays on PCC pavements.  A Hamburg wheel tracking and simple shear tests were conducted 
on laboratory prepared specimens.  Four influence factors were investigated; tack coat material 
type, mix type, application rate, trafficking.  Two slow setting emulsions, SS-1 and CSS-1H, 
were used in the study, each of which was applied at two application rates; 0.11 (0.02) and 0.23 
(0.05) l/m2 (gal/yd2).  The last factor was addressed by Hamburg wheel tracking.  The study 
reported that mix type, application rate, and Hamburg trafficking significantly affected tack coat 
performance.  Shear strength results indicated that tack coats performed better at higher 
application rate, 0.23 (0.05) l/m2 (gal/yd2).  In contrast to expectations, the Hamburg trafficking 
improved the shear strength response.  
West et al. [2005] conducted a two-phase project for studying the bond strength between 
pavement layers using the NCAT shear strength test device (Figure 2.9).  Laboratory fabricated 
samples were prepared and tested in the first phase.  Two mixtures were used to evaluate the 
effect of surface texture on bond strength.  A coarse-graded 19 mm nominal maximum aggregate 
size (NMAS) mixture was selected to provide a rough textured surface and a fine-graded 4.75 
mm NMAS mixture was selected to provide a smooth textured surface.  Two types of emulsion, 
CRS-2 and CRS-1, and one asphalt binder, PG 64-22, were studied at three residual application 
rates; 0.09 (0.02), 0.23 (0.05), and 0.36 (0.08) l/m2 (gal/yd2).  The specimens were tested at three 
test temperatures; 10 (50), 25 )77), and 60 (140) oC (oF), and three normal stress levels; 0 (0), 69 
(10), and 138 (20) kPa (psi).  Among the variables that were evaluated, temperature had the most 
significant influence on bond strength.  With and increase in temperature, bond strength 
decreased significantly for all tack coat types, application rates, mixture types, and normal stress 
levels.  It was concluded that interface bond strength was sensitive to normal pressure only at 
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high temperature.  PG 64-22 provided the highest bond strength among the three tack coat 
materials tested, especially for the fine-graded mixture tested at high temperature.  For the fine-
graded mixture, lower application rates provided higher bond strength.  However, application 
rates had a little effect on the bond strengths for coarse-graded mixture. 
 
 
Figure 2.9 National Center for Asphalt Technology (NCAT)  
Shear Strength Test Device [West et al., 2005] 
 
The second phase was a field study consisting of seven projects.  It aimed at validating 
the bond strength procedure developed in the first phase.  Tack coat was applied on three types 
of surfaces; new HMA, milled HMA, and PCC.  Three types of tack coat materials were used; 
emulsified asphalts, CSS-1 and CRS-2, asphalt binder, PG 64-22, and a polymer modified 
emulsified asphalt, CQS-1HP.  For projects using an emulsified asphalt tack coat material, the 
residual application rates were 0.15 (0.03), 0.23 (0.045), and 0.30 (0.06) l/m2 (gal/yd2).  For 
projects using a paving grade binder as the tack coat material, the target application rates were 
0.15 (0.03), 0.25 (0.05), and 0.35 (0.07) l/m2 (gal/yd2).  The tack coats were applied by three 
methods; hand wand sprayer, distributor truck spray bar, and Novachip spreader.  The field study 
yielded several important observations.  Milled HMA surfaces appear to significantly enhance 
the bond strength with the next HMA pavement layer.  Although, field projects with paving 
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grade asphalt binder tack coat provided good bond strengths, it was believed that some other 
circumstances might have influenced the results.  Hence, it appeared that there was no sufficient 
evidence to support the hypothesis that paving grade asphalts were better compared to asphalt 
emulsion tack coats.  The bond strengths of sections where Novachip spreader was used to apply 
tack coat turned out to be significantly higher than similar sections where tack coat was applied 
conventionally using distributor truck. 
A recent field study performed by Tashman et al. [2006] investigated the bond strength 
between a new HMA overlay on an existing HMA layer, by performing direct shear tests using 
the Florida DOT shear tester (Figure 2.10).  A non-diluted CSS-1 tack coat emulsion was applied 
on the test sections at four different residual application rates; 0.00 (0.00), 0.08 (0.018), 0.21 
(0.048), and 0.32 (0.072) l/m2 (gal/yd2).  Results showed that the absence of tack coat hardly 
affected the interface shear strength for milled sections.  However, for non milled sections, the 
shear strength at the interface was found to be negligible owing to lack of tack coat.  Specimens 
with tack coat from milled sections exhibited higher interface shear strength than those from 
non-milled sections.  Also, in case of milled sections, no significant improvement in the interface 
bond strength was found with an increase in the application rate.  Curing time had minimal effect 
on the bond strength at the interface.  
 
 
Figure 2.10 Florida DOT Bond Strength Test Device[Tashman et al., 2006] 
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In a laboratory study, Al-Qadi et al. [2008] investigated the characteristics of the HMA-
PCC interface using a direct shear test device. Two asphalt emulsions, SS-1hP, SS-1h, and one 
cutback asphalt, RC-70, were applied at four different residual application rates; 0.00 (0.00), 
0.09 (0.02), 0.22 (0.05), 0.40 (0.09) l/m2 (gal/yd2).  The specimens measured 100 (3.97) mm (in) 
diameter.  Upon fabrication, for studying the effect of moisture on interface bond, selected 
specimens were soaked in warm water prior to testing.  The PCC surface represented four types 
of textures; smooth, transverse tining, longitudinal tining, and milling (Figure 2.11).  Direct shear 
tests were conducted at 10 (50), 20 (68), 30 (86) oC (oF).  The study reported that asphalt 
emulsions performed better compared to the cutback asphalt.  Milled PCC surface generated the 
highest interface shear strength.  At lower application rate, tined PCC surface provided higher 
shear strength than a smooth surface.  However, at the optimum application rate, smooth surface 
performed better than tined surface.  Moisture conditioning significantly reduced the interface 
shear strength.  The optimum residual application rate for SS-1hP asphalt emulsion was found to 
be 0.18 (0.04) l/m2 (gal/yd2). 
 
 
Figure 2.11 PCC Surface Textures [Al-Qadi et al., 2008] 
  19
2.1.1 Summary of Findings 
A number of studies have demonstrated a significant effect of tack on the interface bond 
strength between pavement layers.  The literature review also confirms the influence of several 
factors on the interface bond such as tack coat material type, residual application rate, surface 
texture, surface cleanliness, moisture, temperature, magnitude of normal force, and rate of shear 
loading.  Direct shear test seems to be the most popular test method used for laboratory 
assessment of interface bond strength.  The interface shear strength remains the fundamental 
parameter to express the effectiveness of interface bonding.  This type of test typically consists 
of an application of normal force along with a constant rate of shear loading or shear 
displacement until the interface fails.  
 For some variables, the literature exhibits agreement.  For examples, increasing the 
curing period increases the interface bond strength.  However, the literature could not clarify the 
effect of some variables on the pavement interface bond strength.  As for example, in few of the 
laboratory studies, it was assumed that the interface bond strength is insensitive to application of 
normal force.  Contrary to this, few others showed the interface bond strength increases as the 
normal stress increases. Majority of the studies have reported an increase in the interface bond 
strength with an increase in the application rate. On the other hand, there have been 
investigations that have reported an optimum or even a decrease in interface bond strength with 
an increase in the tack coat application rate.  
Hence, in order to determine optimum tack coat material types and residual application 
rates, and to recommend revisions to relevant AASHTO methods and practices related to tack 
coats, a National Cooperative Highway Research (NCHRP) study (NCHRP Project 9-40) was 
initiated in 2005.  
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2.3 Factors Affecting the Interface Shear Strength of Pavement Layers 
This section provides a discussion on various factors that affect the bonds strength 
between pavement layers.  It also discusses the existing literature review on the current practices 
that are followed related to construction of tack coats.                                     
2.3.1 Tack Coat Material Type 
In simplest of terms, a tack coat is kind of aglue that binds two pavement layers together.  
According to ASTM D8-02 Standard Terminology Relating to Materials for Road and 
Pavements, a tack coat is defined as “an application of bituminous material to an existing 
relatively non absorptive surface to provide a thorough bond between old and new surfacing” 
[ASTM, 2003].  Three types of tack coat are have been commonly used in pavement 
construction; asphalt emulsions, cutback asphalts, and paving grade asphalt cements.  However, 
the use of emulsified asphalts is getting increasingly popular over the other two tack coat 
material types because they can be applied at lower temperature, are non-flammable and 
relatively pollution free [NAPA, 1996].                                                             
Emulsified asphalt is a mixture of asphalt cement, water and emulsifying agent.  The 
emulsifying agent could be soap, dust or colloidal clays (Figure 2.12).  
 
 
Figure 2.12 Composition of Emulsified Asphalt [Roberts et al., 1996] 
 
Emulsified asphalts, unlike asphalt cements, are liquid at ambient temperatures.  The type 
of emulsifying agent used in the asphalt emulsion will determine whether the emulsion will be 
anionic, or cationic.  If the emulsifying agent is anionic, the asphalt droplet bears a negative 
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charge.  On the other hand, for a cationic emulsion, the asphalt droplet bears a positive charge 
[NAPA, 1996]. 
Base on their setting rate, which indicates how quickly the water separates from the 
emulsion, both anionic and cationic asphalts are further classified into rapid setting (RS), 
medium setting (MS), and slow setting (SS).  The setting rate is basically controlled by the type 
and amount of the emulsifying agent.  The basic difference between anionic and cationic 
emulsions is that the later gives up water faster than the former.  The anionic grades are: RS-1, 
HFRS-2, RS-2, MS-1, HFMS-2, MS-2, MS-2h, SS-1, and SS-1h.  The cationic grades include 
CRS-1, CRS-2, CMS-2, CMS-2h, CSS-1, and CSS-1h.  It should be noted that the absence of 
letter “C” in an emulsion type denotes an anionic emulsion and vice-versa.  The letter “h” stands 
for hard grade asphalt cement (low penetration).  The numbers “1” and “2” indicated low and 
high viscosity respectively [NAPA, 1996].                                        
Cutback asphalts are also liquid asphalts produced by adding petroleum solvents to 
asphalt cements.  They are not typically used as tack coats due to environmental concerns.  
Commercially, they are available in different grades based on viscosity and setting grade [NAPA 
1996].  
Hot asphalt cements are obtained from distillation of crude oil.  Unlike emulsions, asphalt 
cements particles do not carry any charge.  Any grade of asphalt cement is acceptable as a tack 
coat material, although it would be better to use the same paving asphalt grade that is used in the 
HMA [Caltrans, 2009].  Commonly available asphalt cements based on viscosity grading system 
include AC-2.5, AC-5, AC-10, AC-20, AC-30, and AC-40.  The letters “AC” refer to asphalt 
cement, whereas the numerical values indicate viscosity in hundreds of poises at 60 (140) oC (oF) 
[NAPA, 1996].                              
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The selection of a particular tack coat material is governed by the local practice as well as 
cost and availability of materials.  According to the Construction of Hot Mix Asphalt Pavements, 
Manual Series No. 22 (MS-22), slow-setting emulsions are most commonly used as tack coats 
for the following reasons: 1) they provide the additional volume needed for the distributor to 
function at normal speed where lower application rates are used 2) they flow easily from the 
distributor at ambient temperatures allowing for a more uniform application [AI, 2001].  The 
advantage of slow setting emulsions over rapid setting ones is that the former can be diluted with 
water easily.  The dilution process allows the emulsion to provide a good coverage, adequate 
bond and economy [UFGS, 2008].  However, compared to rapid setting emulsions, they take a 
longer period of time to break and completely set, which could be several hours to several days.  
Hence, the use of slow setting emulsions would not be advisable for cold weather conditions, 
night time or when the construction period is small.  During such situations, either a rapid setting 
emulsion or paving grade asphalt is commonly used.  Especially, paving grade asphalt cement 
does not require any time to break before it can be overlaid [Caltrans, 2009].     
In 1999, the International Bitumen Emulsion Federation conducted a world wide survey 
on the use of tack coats.  The survey attempted to collect information about the tack coat 
materials, application rates, setting time, existing standards and specifications, applicable tests 
and inspection methods, and construction practices.  Responses were received from seven 
countries, including Spain, France, Italy, Japan, the Netherlands, the United Kingdom, and the 
United States.  The survey reported that cationic emulsions are most commonly used as tack coat 
materials, followed by anionic emulsions.  Responses from the United States showed that asphalt 
cement is occasionally used [IBEF, 1999]. 
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 In the United States, Paul and Scherocman [1998] conducted a survey to collect 
information on the state of practice with respect to tack coat operations.  The survey covered a 
number of aspects related to tack coat practice such as tack coat materials, application rates, and 
tack coat dilution.  Forty-two states and the District of Columbia responded.  The survey 
revealed that almost all the states used slow-set emulsions, the most common being SS-1, SS-1h, 
CSS-1, and CSS-1h.  Some states like California, Florida, and Vermont used the rapid setting 
type of emulsions such as RS-1 and RS-2.  Florida and Georgia were the only states that used 
paving grade asphalts (AC-5, AC-20, and AC-30) as tack coats at the time of the survey.   Some 
states used tack coat materials according to the construction conditions prevelant at the site.  For 
example, Florida DOT used either a rapid setting emulsion RS-1 or RS-2 during day time, 
whereas the use of a viscosity-grade asphalt binder (AC-5) was specified for night time 
construction. 
Cross and Shrestha [2005] conducted a phone survey for tack coat practices.  Thirteen 
state DOT’s participated in this survey.  All the 13 DOT’s reported the use of tack coats on 
existing HMA surfaces and between lifts of new HMA on a routine basis.  Twelve of the 13 
DOT’s reported the use of slow setting emulsions as the primary tack coat material, the most 
common being SS-1, SS-1h, CSS-1, and CSS-1h.  The only agency to report the used of cutback 
asphalt on an occasional basis was Kansas DOT.  They used cutback asphalts in cool weather 
and over PCC pavements to improve interface bond.  Caltrans reported that a paving grade 
asphalt, AR-4000, was the most common tack coat material followed by either SS-1 or CSS-1.  
The survey also reported that PG binders were occasionally used as tack coats by New Mexico 
DOT and Texas DOT.                                        
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2.3.2 Tack Coat Application Rate                                                                                     
 An excessive amount of tack coat can cause slippage between the pavement layers.  
However, on the other hand, a too little of a quantity could might as well impose of the 
probability of debonding between layers.  Hence, it is of utmost importance to estimate an 
amount of tack coat that will provide an optimum outcome.  A proper bond between pavement 
layers is essential in order to provide a monolithic pavement structure.  The selection of an 
optimum application rate and tack coat material is critical in the development of this bond.  This 
is where tack coat application rate comes into picture.  
The tack coat application rate refers to the quantity of tack coat material applied per unit 
surface area.  For paving grade asphalt binders, the application rate is based on the amount of 
asphalt residue.  However, for asphalt emulsions, water is added for dilution of the material.  The 
use of water requires the application rate to be corrected.  Therefore, for asphalt emulsions, the 
application rate is based on the residual asphalt content and is referred to as residual application 
rate [Cross and Shrestha, 2005].                                                                                            
An international survey on tack coat application practice conducted by International 
Bitumen Emulsion Federation reported the application rates vary from 0.12 (0.026) to 0.40 
(0.089) l/m2 (gal/yd2) [IBEF, 1999].  In United States, Paul and Scherocman [1998] determined 
from their survey on tack coat practice that the residual application rates varied between 0.06 
(0.013) and 0.26 (0.058) l/m2 (gal/yd2) for slow setting emulsions.  
Some handbooks have published guidelines and specifications on tack coat application 
rates for design purpose.  The Unified Facilities Criteria Standard Practice Manual for Flexible 
Pavements recommends that slow setting emulsions such as SS-1h, SS-1, CSS-1, and CSS-1h 
perform best when diluted with equal parts of water and applied at the rate of 0.23 (0.05) to 0.68 
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(0.15) l/m2 (gal/yd2).  The lower application rates are recommended for new or subsequent layers 
while the intermediate range is for normal pavement conditions on an existing relatively smooth 
pavement.  The upper limit is for old oxidized, cracked, pocked, or milled asphalt pavement and 
PCC pavements.  It also recommends the use of lighter application rates since heavy application 
could cause pavement slippage and bleeding problems [USACE, 2001].  
The Hot-Mix Asphalt Paving Handbook recommends application rates between 0.18 
(0.04) and 0.27 (0.06) l/m2 (gal/yd2) based on residual asphalt content.  Open-textured surfaces 
require more tack coat than surfaces that are tight or dense.  Dry, aged surfaces require more tack 
coat than surfaces that are bleeding or flushed [Caltrans, 2009].  A milled surface would require 
even more residual asphalt because of the increased specific surface area due to grooves left by 
milling, as much as 0.36 (0.08) l/m2 (gal/yd2).  Only half as much residual asphalt is typically 
required between new HMA layers, 0.09 (0.02) l/m2 (gal/yd2) [USACE, 2003].  
The Aggregate Handbook recommends that the application rate should be within 0.23 
(0.05) l/m2 (gal/yd2) and 0.67 (0.15) l/m2 (gal/yd2) in order to prevent puddling of material that 
may result in potential slippage between layers [NSA, 1991].  
Lavin [2003] recommended application rate of 0.3 (0.07) l/m2 (gal/yd2) for tack coats 
applied between new HMA layers, and about 1.0 (0.22) l/m2 (gal/yd2) or even higher for milled 
surfaces.  Kent Hansen [2004] suggested that open or oxidized surfaces require higher 
application rates.  He recommended residual asphalt application rates varying from 0.09 (0.02) to 
0.23 (0.05) l/m2 (gal/yd2) for a new tight pavement surface, and 0.23 (0.05) to 0.36 (0.08) l/m2 
(gal/yd2) for a milled surface.  Cross and Shrestha [2005] reported from their survey that 
application rates ranged from a low of 0.15 (0.03) l/m2 (gal/yd2) to a high of 0.70 (0.15) l/m2 
(gal/yd2).  
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According to the Tack Coat Guidelines published by California Department of 
Transportation Development, the amount of tack coat material required depends on the type of 
the surface receiving surface.  In general, a tight or dense surface would be expected to require 
less tack coat material than open textured, raveled, or milled surface.  Dry, aged surfaces require 
more tack coat than new surfaces.   
The application rate also depends on the combination of the type of tack coat material 
used and the hot mix asphalt overlay type.  Dense and gap-graded hot mix asphalt overlays need 
less tack coat than open-graded friction courses.  The tack coat application rate also varies with 
the type of the tack coat material.  Slow setting emulsions needs a higher application rate than 
rapid setting emulsions, and rapid setting emulsions are needed to be applied at higher 
application rates than paving grade asphalt binders [Caltrans, 2009]. 
 Section 39-1.09c “Tack Coat,” of the Standard Specifications has recommended 
application rates for different types of tack coats and pavement conditions, which are used in the 
state of California as shown in Table 2.1 [Caltrans, 2009]. 




Overlay Type of Surface 
Asphalt Emulsion (gal/yd2) Paving Asphalt 
(gal/yd2) Slow Setting Rapid Setting 
HMA 







Open Textured or Dry, Aged 
Surface (e.g., old oxidized 
HMA, milled HMA surface) 










Open Textured or Dry, Aged 
Surface (e.g., old oxidized 
HMA, milled HMA surface) 
0.11-0.243 0.055-0.121 0.033-0.066 
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The section “Proper Tack Coat Application” of the Technical Bulletin published by the 
Flexible Pavements of Ohio recommends the following tack coat application rates for different 
pavement surface types for slow-setting emulsions SS-1and SS-1h (Table 2.2).  
Table 2.2 Recommended Tack Coat Application Rates for SS-1 and SS-1h 




Application Rate in liters/m2 (gallons/yd2) 
Residual Undiluted Diluted 
New HMA 0.14 - 0.18 (0.03 - 0.04) 
0.23 - 0.32 
(0.05 - 0.07) 
0.45 - 0.59 
(0.10 - 0.13) 
Oxidized HMA 0.18 - 0.27 
(0.04 - 0.06) 
0.32 - 0.45 
(0.07 - 0.10) 
0.59 - 0.91 
(0.13 - 0.20) 
Milled HMA 0.27 - 0.36 
(0.06 - 0.08) 
0.45 - 0.59 
(0.10 - 0.13) 
0.91 - 1.22 
(0.20 - 0.27) 
Milled PCC 0.27 - 0.36 
(0.06 - 0.08) 
0.45 - 0.59 
(0.10 - 0.13) 
0.91 - 1.22 
(0.20 - 0.27) 
PCC 0.18 - 0.27 
(0.04 - 0.06) 
0.32 - 0.45 
(0.07 - 0.10) 
0.59 - 0.91 
(0.13 - 0.20) 
Residual: The application rate of just the asphalt binder content of the emulsion 
Undiluted: The application rate of the undiluted emulsion 
Diluted 1:1 with Water: The application rate of an emulsion diluted 1:1 with water 
2.3.3 Tack Coat Curing Time                                                                                       
When water separates from the emulsion due to evaporation and the color of the tack coat 
begins to change from brown to black, the tack coat is set to have broken.  Moreover, when the 
water has completely separated from the emulsion, what remains behind is a thin film of asphalt 
binder on the pavement surface.  This is when the emulsions is said to have set [USACE, 2000].  
Paul and Scherocman [1998] found from their survey of state DOTs on tack coat 
practices that curing period between tack coat application and paving was generally after the 
asphalt emulsion had broken.  Majority of the states had no specifications on maximum setting 
time.  Six states had a minimum setting time criteria which varied from 15 minutes to and hour 
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depending upon the tack coat type.  Three states had a maximum time that a tack coat could be 
left before the construction of next pavement lift.  Four states required the paving to be 
completed the same day the tack coat was applied.  Alaska specified a maximum setting time of 
2 hours for CSS-1.  Arkansas followed a maximum setting time of 72 hours for SS-1.  Kansas 
specified a setting period of 5-6 hours for CSS-1h and SS-1h.  Texas specified a maximum 
setting period of 45 minutes for MS-2 and SS-1.  
The International Bitumen Emulsion Federation survey indicated that the lapse of time 
required between the application of the tack coat and the application of the hot mix asphalt 
ranges from 20 minutes for a broken or cold binder to several hours for a “dry” binder (after all 
water has evaporated or set) [IBEF, 1999].  It is generally believed that the emulsion should be 
completely set before new mix is placed on top of the tack coat material.  Many publications 
have reported that the tack should be either cured before placing the new pavement layer.  
Construction of Hot Mix Asphalt Pavements, Manual Series No. 22 (MS-22) reports that tack 
placed too far out in front of the paver can lose its adhesvie characteristics and would require to 
be re-tacked.  It also reports that tack coat should not be applied in excess of what is required to 
give a uniform coverage [AI, 2001].  
Hachiya and Sato [1997], and Sholar et al. [2003] conducted laboratory studies to 
examine the influence of curing time on interface bond strength.  A common conclusion that 
came out from both the studies was that increasing the curing time provided higher interface 
bond strength.  On the contrary side, according to the Hot-Mix Asphalt Paving Handbook, 
experience has shown that new HMA can usually be placed on top of an unset tack coat (some of 
the water is still on the pavement surface) and even on an unbroken tack coat emulsion (water 
and asphalt still combined) with no detrimental effect on pavement performance [USACE, 
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2000].  Lavin [2003] reported that an overlay can be applied directly after the tack has been 
applied or after it has broken; the bond will still be formed between the layers whether the 
asphalt emulsion breaks prior to construction of the next layer.   
 In Europe, emulsified tack coats are often applied to the pavement surface underneath 
the paver just before the head of HMA in front of the paver screed.  The emulsion breaks 
immediately upon the contact with HMA, and water evaporates as steam through the loose hot 
mix, the quantity of which is not to lower the mix temperature significantly [Estakhri and Button, 
1994].                                        
2.3.4 Surface Conditions                                                                                                       
The surface conditions of a pavement that could influence the bond strength at the 
interface primarily include texture, cleanliness, and wetness.  Several handbooks have specified 
guidelines on the type of surface condition required on an existing pavement prior to tack coat 
application.  It is recommended that tack coat should be applied on a clean and dry surface swept 
with a power broom.  
The Asphalt Institute has provided a summary on weather conditions and surface 
preparation for proper tack coat application. Of the two guideline manuals published by the 
Asphalt Institute, Construction of Hot Mix Asphalt Pavements, Manual Series No. 22 (MS-22) 
recommends that a tack coat should be applied under the same weather conditions as HMA 
paving and that the surface should be clean and dry prior to tack application.  The other 
guideline, A Basic Asphalt Emulsion Manual, Manual Series No. 19 (MS-19), suggests that the 
best interface bond strengths are obtained when tack coats are applied on a dry pavement surface 
with a temperature above 25 (77) oC (oF).  In United States, a phone survey was conducted by 
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Cross and Shrestha [2005] on current tack coat practices.  All the thirteen state DOT’s that 
participated in the survey required the surface to be clean and dry during tack coat application.  
A few laboratory studies have attempted to study the influence of surface conditions on 
the interface bond strength.  One of the studies conducted by Hachiya and Sato [1997] reported 
that presence of dirt at the interface has negligible effect on the interface bonding if the tack coat 
is properly cured.   
In an another laboratory study, Sholar et al. [2003] concluded that presence of moisture at 
the interface significantly reduced the interface shear strength when compared to similar sections 
that did not have moisture.  They also examined the influence of surface texture on the interface 
bond strength, and reported that increase in the surface roughness provided higher shear 
strengths with tack coat application rate having a little to play.  Moreover, for milled sections, 
the authors suggested that tack coats were completely ineffective in increasing the bond strength.   
Cooley [1999] reported results of a milled surface having a good bond without a tack 
coat.  The author suggested that the milled pavement in conjunction with the melting of asphalt 
within the lose millings by the heat of the placed mixture resulted in a bond between two layers.                             
2.3.5 Summary of Findings                                                                                     
The literature indicates that diluted slow setting emulsions seem to the most typically 
used tack coats.  Tack coats should be applied in an optimum quantity in a thin layer and should 
uniformly cover the entire surface area.  Too little tack coat would be as good as no tack coat and 
would fail to provide a sound interface bond.  On the other side, excess tack coat can cause 
slippage.  The existing literature provides a range of application rates for different types of 
pavement surfaces.  The application rate must be selected based on the texture of the surface 
receiving the tack coat.  Few road agencies follow the tack coat construction guidelines specified 
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in hand books.  Others have established their own criteria.  There is a general agreement in the 
literature that tack coats should be applied on a surface that is clean, dry and free of any lose 
materials.  It was also evident that the tack coat should be allowed to set before the application of 
overlay in order to enhance the chances of bonding.  However, the period of time for which the 
tack coats should be allowed to break and set before the construction of next pavement lifts 
remains uncertain. 
2.4 Lousiana DOTD Specifications for Tack Coat Application 
Louisiana DOTD has provided specifications for preparation and treatment of existing 
asphaltic or portland cement concrete surfaces with asphaltic material.  The tack coat shall be an 
undiluted modified asphalt emulsion Grade CRS-2P, CSS-1, SS-1, SS-1P or SS-1L.  The asphalt 
tack coat shall be applied on a clean and dry surface using a spray bar/tachometer.  The 
minimum application temperature of CRS-2P is 71 (160) oC (oF), and that of CSS-1, SS-1, SS-1L 
and SS-1P is 21 oC (oF).  The tack coat shall be applied one day prior to the mixture laydown.  
The Section 504 “Asphalt Tack Coat,” of the Standard Specifications has recommended 
application rates for different types of existing pavement surfaces, which are used in the state of 
Louisiana (Table 2.1). 
Table 2.3 Recommended Application Rates for  
Different Pavement Surfaces [LADOTD, 2006] 
 
Existing Surface Rate in liters/m2 
(gallons/yd2) Bleeding Surface 
Treatment 
0.09 (0.02) 
Dry Surface Treatment 0.14 (0.03) 
New Hot Mix 0.14 (0.03) 
Old Hot Mix 0.32 (0.07) 
Portland Cement Concrete 0.32 (0.07) 
Friction Course 0.23 (0.05) 




CHAPTER 3 METHODOLOGY 
3.1 Introduction 
This chapter discusses the methodology that was adopted to obtain specimens for testing.  
In order to investigate the influence of factors on the bond strength at the interface between the 
different surface types and the new HMA overlay, test sections were constructed at the Louisiana 
DOTD Pavement Research Facility.  In order to simulate the field conditions, tack coat materials 
were applied using a tack coat distributor truck, and the HMA overlay was constructed using 
conventional paving equipment.  Details on test section preparation, tack coat application, HMA 
overlay construction, specimen coring and conditioning, and specimen testing have been 
discussed.                                                                                                                                         
3.2 Preparation of Test Sections  
  HMA and PCC test sections were constructed at the Louisiana DOTD Pavement 
Research Facility for receiving various tack coats materials considered in the study.  According 
to the test factorial as illustrated in Table 3.4, a total of 11 test lanes were needed to be prepared, 
each of which was to be used for one type of tack coat material application.  However, due to the 
limited number of test lanes available at the Louisiana DOTD Pavement Research Facility, the 
research study was carried out in two phases as shown in Table 3.1.  
In Phase I, tack coat materials SS-1h, CRS-1, and Trackless were applied on three 
existing HMA test lanes.  Once the testing for specimens extracted during Phase I was 
accomplished, Phase II was initiated. In Phase II, tack coat material PG 64-22 was applied on 
existing HMA, SS-1h was applied on new HMA, SS-1 and SS-1h were applied on milled HMA, 




Table 3.1 Schedule of Tack Coat Construction 
 
Phase I 
Surface Type Tack coat material Test Lane Utilized 
Old HMA 
SS-1h Lane 1, 3 
CRS-1 Lane 5 
Trackless Lane 3 
Phase II 
Surface Type Tack coat material Test Lane Utilized 
Old HMA PG 64-22 Lane 6 
New HMA SS-1h Lane 5 
Milled HMA SS-1, SS-1h Lane 1, 3 
PCC 
Trackless Lane 1L 
SS-1h Lane 1R 
SS-1 Lane 2L 
PG 64-22 Lane 2R 
 
Figures 3.7 to 3.9 depict the 11 prepared test lanes at the Louisiana DOTD Pavement 
Research Facility.  Each segment in the diagram corresponds to the designed factorial.  Tack coat 
materials were applied according to the quantity mentioned in the segments.  Specimens were 
cored for interface shear test from the test sections after tack coat application and overlay 
construction.   
The beginning of each phase was marked with surface texture measurements for all test 
lanes that were to be utilized in the laboratory experiment.  Three methods were considered for 
this purpose; 1) a laser based method using a recently acquired DYNATEST 5051 Mark III road 
surface profiler, 2) the Circular Texture Meter, and 3) the sand patch test specified in ASTM E 
965 (Figure 3.3).  The DYNATEST 5051 Mark III Road Surface Profiler (Figure 3.1) is capable 
of measuring the mean profile depth according to ASTM E 1845-01.  The laser based method 
was used for all test lanes, whereas, the Circular Texture Meter (Figure 3.2) and the sand patch 
test (Figure 3.3) were used for only existing HMA test lanes. 
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Figure 3.1 DYNATEST 
5051 
 
Figure 3.2 Circular Texture 
Meter 
 
Figure 3.3 Sand Patch 
Apparatus 
 
Table 3.1 presents the results of roughness measurements by a laser profiler, Circular 
Texture Meter, and the sand patch on the existing HMA surfaces.  Five random locations were 
selected and measured, and final roughness values were averaged.   Generally, measured 
roughness values for existing HMA surface were similar for similar for all the test lanes. 
Table 3.2 Surface Roughness Measurements for Existing HMA Surfaces 
 
Test Lane Surface Type 
Mean Profile Depth, mm 
Laser Dynatest 




0.91 1.06 1.14 
Lane 2 1.15 1.21 1.17 
Lane 3 1.09 0.87 0.81 
Lane 5 1.09 1.22 1.02 
Lane 6 1.07 1.17 0.99 
 
Table 3.3 Surface Roughness Measurements for New HMA, Milled HMA, and PCC 
Surfaces Using the Laser Based DYNATEST 5051 
 
Test Lane Surface Type 
Mean Profile Depth, mm 
Laser Dynatest Profiler 
Lane 5 New HMA 0.63 
Lane 1 Milled 1.21 
Lane 2 Milled 1.29 
Lane 1L PCC 1.23 
Lane 2L PCC 1.14 
 
Tables 3.2 presents the results of roughness measurements for PCC, milled HMA, and 
new HMA surfaces.  Since the sand patch method cannot be applied for smooth surfaces such as  
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new HMA and very rough surfaces such as the milled HMA, only the laser profiler was utilized.  
Milled surface exhibited the roughest surface as expected.   It was observed that new HMA 
surface was remarkably smoother than any other prepared lanes. 
Each HMA lane measured 56.4m in length and 4.0m in width.  Each PCC lane measured 
30.5m in length and 3m in width.  Within each lane, test sections were established to 
accommodate the variables considered in the field experiment.  Access sections of suitable 
widths (Figure 3.5) and lengths (Figure 3.6) were provided between the test sections.  The access 
sections made it possible for the distributor truck to achieve required speed in order to apply the 
correct tack coat application rate.  Prior to the tack coat application, a power broom (Figure 3.4) 
was used to clean up all the test lanes so that the surfaces were free of any loose materials. 
  
Figure 3.4 Power Broom Figure 3.5 Test Section Width Measurement 
 
Figure 3.6 Test Section Length Measurement 
  36
Table 3.4 Test Factorial Design 
 
 
Surface Type Existing HMA New HMA PCC Milled HMA 




































































1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Coverage 
Rate (%) 100   100 100 100 0 100 0 100 100 100 100 0 100 100 0 
3 3 3 3  3  3 3 3 3  3 3  
0.14 0.14 0.14 0.14  0.14  0.14 0.14 0.14 0.14  0.14 0.14  
0.28 0.28 0.28 0.28  0.28  0.28 0.28 0.28 0.28  0.28 0.28  
Residual 
Rate (l/m2) 
0.70 0.70 0.70 0.70  0.70  0.70 0.70 0.70 0.70  0.70 0.70  















Wet    Dry Dry 









High High High High High High High High High High High 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Temperature 
(oC) 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
Normal 
Load, (kPa) 0,  
138 



























Replicates 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
Subtotal  45 72 36 36 6 18 6 36 36 36 36 6 36 18 6 
Total 429 
          
















































































































































































Direction of Tack Coat Application 
Lane 6 Existing HMA  
Lane 5 Existing HMA  
Lane 3 Existing HMA  










































































































































































Lane 2R PCC  
Lane 2L PCC 
Lane 1R PCC 













































































Direction of Tack Coat Application Lane 1 Milled HMA 
Lane 2 Milled HMA 







Phase I Phase II 
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3.3 Application of Dirt and Water 
There are a variety of construction situation that could be encountered during tack coat 
construction.  The surface receiving the tack coat material could be smeared with dirt.  There 
could be rainfall on tacked surface prior to or during the overlay construction.  The effects of 
such construction conditions were investigated.  In order to simulate dirty conditions, a silty-clay 
type soil classified as A4 based on the AASHTO soil classification, was uniformly applied at a 
rate of 0.34kg/m2 on the existing HMA surface prior to tack coat application (Figures 3.10).  The 
effect of rainfall was simulated by uniformly spraying water at a rate of 0.27 l/m2 on tacked 
surfaces and prior to placement of the HMA mixture (Figures 3.11) 
   
Figure 3.10 Application of Dirt 
 
Figure 3.11 Application of Water 
 
3.4 Verification of Residual Application Rates 
As a part of the quality control process, it was extremely crucial to determine whether the 
target application rates defined in the scope had been met at the end of the tack coat application 
process.  To measure the tack coat application rate in the field, a procedure outlined in Test 
Method A of ASTM D 2995, “Standard Practice for Estimating Application Rate of Bituminous 
Distributors” was followed.  Square geotextile test pads measuring one foot by one foot in 
dimension were laid across the width of test sections in the transverse direction.  For each test 
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section with a test lane, a total of seven test pads were utilized.  Before the test pads were 
established, the surface of the pavement was cleaned.   
The test pads were then fixed to the pavement surface, using a double sided adhesive 
tape, in two sets (one set of two and another of five).  A distance of two feet separated the right 
edge of the test section and first set of test pads, whereas a distance of three feet was kept 
between the first set and the second set of test pads (Figure 3.12).  This arrangement 
accommodated the space needed for the wheels of the truck during the spray process.  Figure 
3.13 shows the actual layout of the test pads on a test section.  Once the test pads were positioned 






























 Once the tack coats were applied, the test pads were allowed to sit in position for three 
hours to thoroughly evaporate the water.  The test pads were then carefully detached from the 
sections, and were weighed, and then were re-weighed at an interval of every two hours until a 
difference in weight was observed between consecutive measurements.  It must be noted that the 
test pads were never stacked on one another to maintain the highest level of accuracy possible 
while determining their final weights.  The difference of final weight and the initial weight of the 
test pads without tack coat, represented the amount of residual asphalt cement left on the test 
pads and was used to calculate the residual application rate.                                                                                             
3.5 Application of Tack Coat 
  An Etnyre computerized tack coat distributor truck, Model 2000 (Figure 3.14), was used 
to apply the tack coat materials.  The truck has a heated tank that can hold tack coat materials at 
their desired application temperature.  While the trackless tack coat was applied at a temperature 
of 82 (180) oC (oF), the SS-1h and CRS-1 tack coat materials were applied at a temperature of 68 
(154) oC (oF).  Figure 3.15 shows the tack coat application process.                                               
 
Figure 3.14 Tack Coat Distributor Truck 
 
Figure 3.15 Tack Coat Application Process 
 
 The tack coat materials were applied by a spray bar fitted with nozzles, mounted on the 
back of the truck.  The 4.3 m wide spray bar ensured full tack coverage in the transverse 
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direction of test sections.  The three target application rates were applied by altering the truck 
speed and nozzle type and size.  The entire tack coat distribution process was coordinated in such 
a way, that the wheel of the distributor truck never came in contact with the tacked surface.                   
3.6 HMA Overlay Construction on Tacked Surfaces                                                                                      
 All tacked surfaces were overlaid with a 12.5 mm HMA mixture after a period of 24 
hours.  A material transfer vehicle was used to transfer the hot mix asphalt mixture from the haul 
truck to the hopper of the paver.  The entire overlay construction coordinated to prevent any 
construction traffic on the tacked surfaces.  The overlay was compacted to a thickness of 76.2 




Figure 3.16 HMA Overlay Construction, Compaction and Test Section Re-establishment 
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 Upon the completion of HMA overlay placement, each test lane was marked using pre-
documented reference points.  Test sections within each test lane were established in the manner 
as they were before the application of the tack coat materials. 
3.7 Specimen Coring 
 
For conducting the laboratory experiments, specimens measuring 100 (4.0) mm (in) were 
cored from each test section.  These specimens were used to determine the interlayer shear 
strength in the laboratory.  After the completion of HMA overlay construction, the test lanes 
were marked in the same manner as they were marked before the placement of tack coat 
materials and HMA overlay.  Also, areas that were found to have irregularities were designated 
as damaged areas and were clearly marked, and were avoided during the coring process.  
Specimens were obtained from each test section using an automatic diesel-powered 
Simco® 255 Pavement Test Core Drill.  It has a core barrel, the movement of which is guided 
along a mast in vertical direction.  Once the core barrel was placed over the position from which 
the specimen was to be extracted, water was allowed to flow through the core barrel in order to 
reduce the friction between the surface of the core barrel and the pavement.  The core barrel was 
driven all the way up to the bottommost layer in order to remove the sample undisturbed.  This 
would also minimize any kind of undesired pre-stressing on the interface, the shear strength 
determination of which was of utmost importance.  Upon reaching the bottom, the core barrel 
was retrieved out.  An arrow was drawn on the top of the sample in the same direction in which 
the tack coat distributor truck had moved to apply tack coat materials (direction of traffic).  
Metal wires bent at one end were used to take the sample out of the core hole.  Using a 
predefined format, appropriate sample identification numbers were written on the surface of the 
top layer.  The samples were packed in plastic bags and placed in an ice chest for transportation 
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to the laboratory.  Such kind of packing was required to minimize any damage to the interface 
that was likely to occur during the transportation.  Figure 3.17 shows the coring procedure. 
  
  
    
Figure 3.17 Coring Procedure 
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3.8 Specimen Conditioning 
Once the cored samples were brought to the laboratory, the next step was to cut the 




Figure 3.18 Specimen Cutting and Conditioning Procedure 
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Since the specimens were cored all the way up to the bottommost layer, the thickness of 
the bottom layer was much higher than that of the top HMA overlay layer which was only about 
3 inches thick.  Hence, the bottom layer of the specimens was trimmed to 3 inches using a chop 
saw such that both the layers were of approximately equal thickness.  The interface of the 
specimen was secured firmly since the cutting process produced a lot of vibrations in the sample.  
The trimmed samples were placed inside an oven for drying at 40 (104) ºC (ºF) for a 
minimum of 24 hours due to the use of water as a lubricant.  The samples were then placed 
inside a conditioning chamber at 25 (77) ºC (ºF) (testing temperature) for a minimum of four 
hours of conditioning period.  This conditioning period was determined through experimentation.   
A hole was drilled through a dummy sample up to the interface in which a temperature probe 
was inserted and sealed with liquid asphalt.  The sample was heated to 40 (104) ºC (ºF), and then 
placed inside the conditioning chamber at 25 (77) ºC (ºF) to determine the time the sample would 
take to equilibrate with the testing temperature.  The conditioning time was determined to be 4 
hours, after which the sample would be considered ready for testing.   
3.9 Test Facility  
The tests were conducted using a Material Testing System (MTS), Model 810 (Figure 
3.19).  The test system uses the principle of closed-loop control to apply forces to the test 
specimen.  Simply stated, the closed-loop control consists of a basic loop where a controlling 
element provides a control or command signal to the controlled element.  The response, or 
feedback, indicates how the controlled element has responded.  The MTS’s primary components 
include a personal computer, digital controller, hydraulic power supply, load unit and load unit 
control panel.  In addition to these primary components, special test fixtures and accessories, 
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such as an environmental chamber, permit the test system to be configured for a wide variety of 
testing situations with special needs.        
 
 
Figure 3.19 Material Testing System 
                                                                                                                              
Theoretically, the environmental chamber is capable of controlling temperatures ranging 
from -50 (-58) to 80 (176) oC (oF). The actual controllable temperature range is -20 (-4) to 55 
(131) oC (oF).  The load unit applies mechanical forces to the specimen in response to the 
commands from the digital controller.  The load unit is calibrated of applying up to 245 (50,000) 
kN (lb) of force.  It primarily consists of a crosshead, force sensor (load cell), actuator, 
servovalve and hydraulic service manifold.  The actuator is a hydraulically powered device that 
provides displacement of, or force into, a specimen for testing.  The force sensor (load cell) 
measures the displacement or force being provided to the specimen.  A control and data 
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acquisition system collected data generated during the interface shear strength test such as 
applied displacement, resulting force and test time.  
3.10 Interface Shear Strength Test Device                                                                                                                  
A custom fabricated shearing mold called the Louisiana Interlayer Shear Strength Tester 
(LISST) was used to test the specimens (Figure 3.20).  The device was specifically designed as a 
part of the National Cooperative Highway Research Program Project 9-40.  The LISST device 
features two frames, a shearing frame and a reaction frame.  
 As the name suggests, the shearing frame moves down during shear force application, 
whereas the reaction frames remains stationary.  The gap between the two frames is 12.7 (0.5) 
mm (in).  This gap allows for the direct shear load to be applied at the interface.  The device is 
equipped with a set of collars that can accommodate specimens measuring 100 (4.0) and 150 
(6.0) mm (in) in diameter. 
 A locking pin is used on the shearing frame to keep the shearing and the reaction frame 
at the same level. This locking pin is removed once the specimen is kept inside the LISST, and 
before the application of the load.  Two different locking mechanisms are provided to fasten the 
specimen.  The top bolts allow for coarse adjustment by hand.  The side bolts utilize a cam lock 
mechanism and can be tightened using a torque wrench.  The device also features accessories 
and fixtures that allow the installation of Linear Variable Differential Transducers (LVDT’s) for 
measuring specimen dilation during shearing.  
 A normal load actuator was used to apply vertical confinement pressure to the specimen, 
using confinement plates.  The normal load actuator was calibrated to apply 138 (20) kPa (psi) 
for both, 100 (4.0) and 150 (6.0) mm (in) diameter specimens.  Figure 3.21 shows the 






























3.11 Interface Shear Strength Test Procedure 
 
After the specimen had equilibriated with the test temperature, it was positioned inside 
the LISST such that the top layer would rest on the side which would be sheared (shearing 
frame) and the bottom layer would be placed on the non-shearing side (reaction frame).  The 
interlayer was placed directly in the middle of the gap between the two collars.  The sample was 
positioned in the LISST such that the load was applied in the same direction as the direction of 
traffic.  The direction of traffic was marked on the top of each sample by an arrow which would 
illustrate the direction in which the distributor truck applied the tack coat material.  The sample 
was fastened using two different locking mechanisms.  The top bolts allow for coarse adjustment 
by hand.  The side bolts utilize a cam lock mechanism and were tightened using a torque wrench 
to 60 lb·in.   
Once the sample was fastened, it was ensured by visual inspection that there was no gap 
or space between the collars and the specimen and that the collars were leveled properly, in order 
to avoid any asymmetrical load distribution across the interface of the sample.  The entire 
assembly was then placed inside of the Material Testing System (MTS), where the load would be 
applied by a load unit.  A metal block was placed in the middle of the top collar of the shearing 
side to allow for a uniform load transfer to the sample.  Linear Variable Differential Transducers 
(LVDT’s) were used to measure horizontal displacement on both sides of the sample.  LVDT 1 
was used on the shearing side while LVDT 2 was used on the non-shearing side.  Once the test 
set up was established, a constant displacement of 0.1 inch/mm was applied to shear the sample. 
For applying vertical confinement pressure to the sample, a normal load actuator was used along 







Figure 3.22 Interface Shear Strength Test Procedure 
 
3.12 Specimen Response 
A typical response curve that was obtained upon plotting interface shear stress against 
displacement is shown in Figure 3.23.  From the response curve, two different material response 
  53
parameters were calculated for analysis; (1) Interface Shear Strength (ISS), and (2) Interface 
Tangential Modulus (k-modulus). 
 The ultimate shear load sustained by the specimen was determined from the raw data file 
generated during the interface shear strength test.  The ratio of the ultimate shear load to the 
cross-sectional area of the specimen provides interface shear strength of the specimen interface. 
The interface shear strength, ISS, was computed as follows:                                                             
ISS = PULT / A (Equation 3.1)                                                                                                                               
where, 
ISS = Interface Shear Strength (kPa), 
PULT = Ultimate load applied to specimen (kN), and 
A = Cross-sectional area of test specimen (m2). 
The interface tangential modulus was calculated assuming that the shear stress is a 
function of the difference in horizontal displacements of the layers above and below the 
interface.  The interface tangential modulus, k-modulus, was computed as follows: 
τ = Ks (u2-u1) (Equation 3.2)                                                                                                                                 
where, 
τ = Peak Interface Shear Stress (kPa), 
K = Interface Tangential Modulus (kN/m3), and 
u2, u1 = Horizontal displacements on both sides of the interface (mm) 
Equation 3.2 represents Goodman’s constitutive law to describe the interface behaviour. 
It also represents a typical specimen response observed with an interface is subjected to a direct 






































Peak Interface Shear Stress 
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CHAPTER 4 DISCUSSION OF RESULTS 
4.1 Introduction 
 The results obtained from the asphalt binder rheological tests and interface shear strength 
tests are presented and discussed in this chapter.  The interface shear strength testing evaluated 
the following variables: 
• Tack coat material type 
• Residual application rate 
• Pavement Surface type 
• Construction conditions 
• Vertical confinement pressure  
The analysis of these factors was devised to assess their effectiveness on two material 
response parameters: a) interface shear strength, and b) interface tangential modulus.  The 
interface shear strength test results for individual specimens are reported in Appendix A. 
Appendix B presents the interface tangential modulus values for individual specimens. 
4.2 Statistical Analysis Methods and Approaches 
The laboratory experimental data were analyzed to evaluate the influence of various tack 
coat material types at different residual application rates on different pavement surface types.  
Test results were grouped according to the tack coat material type, residual application rate, and 
pavement surface type to characterize the variation of interface shear strength.  Statistical 
analyses of interface shear strength test results were performed using the Statistical Analysis 
Software (SAS) software.  Fisher’s Least Significant Different (LSD) test, a multiple comparison 
procedure, was used to separate significant means where differences were declared significant at 
the alpha = 0.05 level.  That is, if they are termed significantly different, 95% of the time these 
groups are compared there will be a difference among them.   The LSD procedure ranked the 
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mean interface shear strength values and placed them in groups designated by “A”, “B”, “C”, 
“D”, “A/B” etc.  The letter “A” was assigned to the group with the highest mean interface shear 
strength followed by letters in an appropriate order (i.e. B/C/D).  A double letter designation, 
such as “A/B” indicates that the mean interface shear strength of that particular group is not 
significantly different from either of the groups “A” or “B”.  The same approach was employed 
for ranking the interface tangential modulus results. 
4.3 Asphalt Binder Rheology Test Results 
Emulsified tack coats are composed of three basic ingredients; asphalt, water, and an 
emulsifying agent.    Performance Graded (PG) and softening point tests were performed on the 
asphalt binder residues according to ASTM D6373,  “Standard Specification for Performance 
Graded Asphalt Binder” and ASTM D36,  “Standard Test Method for Softening Point of 
Bitumen (Ring-and-Ball Apparatus)”,  respectively.   The asphalt binder residues were obtained 
according to AASHTO D 244, “Residue by Evaporation.”  CRS-1 and SS-1h emulsions were 
graded as PG 58-22 and 70-22, respectively.  The trackless material, however, failed the 
intermediate and low temperature performance criteria.  This response is expected since trackless 
is a polymer-modified emulsion with a hard base asphalt cement.  Table 4.1 presents the test 
results performed on these residues.   
  Four consistency tests were conducted on PG 64-22 binder and the residuals of SS-1h, 
CRS-1, and Trackless emulsions; 1) penetration test, 2) absolute viscosity test, 3) rotational 
viscosity test, and 4) softening point test.  By testing the consistency of bituminous materials, 
their grade and properties may be determined.  The asphalt binder residues were obtained 
according to ASTM D 244, “Residue by Evaporation”.  Each consistency test was conducted for 
two samples.  From the penetration test (Figure 4.1) and the softening point test (Figure 4.4), 
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Trackless was reported as the hardest material followed by SS-1h, PG 64-22, and CRS-1.   A 
similar ranking of materials was observed for the absolute viscosity test (Figure 4.2) and the 
rotational viscosity test (Figure 4.3), as Trackless was reported to be having the highest viscosity 
followed by SS-1h, PG 64-22, and CRS-1. Table 4.2 summarizes the consistency test results. 
Table 4.1 Rheological Test Results for Emulsified Tack Coat Residues 
Aging Status Test Property AASHTO  SS-1h CRS-1 Trackless 
Original Binder 
Rotational viscosity 
Pa.s 135°C T 316 0.6 0.3 2.5 




15.4 (52°C) 3.0 (52°C) 19.0 (64°C) 
6.5 (58°C) 1.3 (58°C) 7.6 (70°C) 
2.9 (64°C) 0.6 (64°C) 3.4 (76°C) 
1.4 (70°C)  1.5 (82°C) 
0.7 (76°C)  0.7 (88°C) 




Mass change, % T 240 0.1 0.1 NA 
Dynamic shear 
10 rad/s  
G*/sinδ, kPa 
T 315 
2.8  (70°C) 2.9 (58°C) 16.9 (70°C) 
  7.4 (76°C) 
  3.4 (82°C) 
  1.5 (88°C) 
Pressure Aging 
Vessel Residue      
100 °C 
Dynamic shear,  
10 rad/s  
G*sinδ, kPa 
T315 3239 (25°C) 3306 (19°C) 10907 (25°C) 
Bending Beam Creep 
stiffness, S, MPa  60s T 313 
165.0 ( -12°C) 86.8 (-12°C) 
*  187.0 (-18°C) 
Bending Beam Creep 
stiffness, m-value 60s T 313 
0.320 (-12°C) 0.340 (-12°C) 
* 
 0.310 (-18°C) 
Direct tension          
1.0 mm/min, % T314 1.6 (-12°C) 1.1 (-18°C) * 
PG Grading PG 70-22 PG 58-28 -- 
 

















Trackless 2 198960.39 2.5 76 
SS-1h 37.7 8575.055 0.6 53 
PG 64-22 50.5 3250.455 0.5 48.5 













   












Trackless SS-1h PG 64-22 CRS-1























Trackless SS-1h PG 64-22 CRS-1




































Trackless SS-1h PG 64-22 CRS-1





























Trackless SS-1h PG 64-22 CRS-1












4.4 Interface Shear Strength Test Results 
For the presentation purposes, the analysis of factors affecting the pavement interface 
bond strength has been reported in the following order: 
• Influence of tack coat material type 
• Influence of residua application rate 
• Influence of pavement surface type 
• Influence of cleanliness 
• Influence of wetness 
• Influence of vertical confinement pressure 
4.4.1 Influence of Tack Coat Material Type on the Interface Shear Strength and Interface 
Tangential Modulus 
 
Trackless on Existing HMA Surface 
 Figure 4.5 shows the mean interface shear strength results obtained for trackless applied 
at three residual application rates on a clean and dry existing HMA surface.  It was clearly 
evident that the interface shear strength increased with an increase in the residual application 
rate.  The highest interface shear strength was obtained at the highest residual application rate 
0.70 (0.155) l/m2 (gal/yd2). 
The test results presented in Figure 4.5 were analyzed to determine whether the mean 
interface shear strengths of the groups were statistically different from one another.  The groups 
were ranked according to their mean interface shear strength as shown in Table 4.3.  Statistically, 
trackless provided different interface shear strengths at each residual application rate.  The 
highest residual application rate, 0.70 (0.155) l/m2 (gal/yd2), received the highest ranking “A”, 
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Figure 4.5 Plot of Mean Interface Shear Strength and Mean Interface Tangential Modulus 
Against Residual Application Rate for Trackless Tested on Existing HMA at 25oC   
Without Vertical Confinement Pressure 
 
Table 4.3 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
Trackless on a Clean and Dry Existing HMA Surface 
 
Residual Application Rate Mean Interface Shear Strength Ranking 
l/m2 gal/yd2 kPa Psi 
0.14 0.031 151.0 21.9 C 
0.28 0.062 263.4 38.2 B 
0.70 0.155 654.8 95.0 A 
 
Table 4.4 Statistical Analysis of Mean Interface Tangential Modulus Results Obtained for 
Trackless on a Clean and Dry Existing HMA Surface 
 




0.14 0.031 236794 A 
0.28 0.062 242918 A 
0.70 0.155 242114 A 
 
SS-1h on Existing HMA Surface 
  Figure 4.6 presents the variation in the mean interface shear strength with residual 
application rates obtained for SS-1h applied on a clean and dry existing HMA surface.  Test 
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results indicated that interface shear strength increased with an increase in the residual 
application rate.  The maximum mean interface shear strength was obtained at the highest 
application rate, 0.70 (0.155) l/m2 (gal/yd2).  The statistical analysis for the mean interface shear 
strength groups presented in Figure 4.6 is shown in Table 4.5.  The mean interface shear strength 
group at the highest application rate 0.7 (0.155) l/m2 (gal/yd2) was ranked as an “A”.  Although, 
the medium application rate provided higher interface shear strength than the lowest application 
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Figure 4.6 Plot of Mean Interface Shear Strength and Mean Interface Tangential Modulus 
Against Residual Application Rate for SS-1h Tested on Existing HMA at 25oC                    
Without Vertical Confinement Pressure 
 
Table 4.5 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
SS-1h on a Clean and Dry Existing HMA Surface 
 
Residual Application Rate Mean Interface Shear Strength Ranking 
l/m2 gal/yd2 kPa Psi 
0.14 0.031 118.1 17.1 B 
0.28 0.062 139.3 20.2 B 
0.70 0.155 414.5 60.3 A 
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Table 4.6 Statistical Analysis of Mean Interface Tangential Modulus Results Obtained for 
SS-1h on a Clean and Dry Existing HMA Surface 
 




0.14 0.031 197765 A 
0.28 0.062 237345 A 
0.70 0.155 256755 A 
 
PG 64-22 on Existing HMA Surface                                                                                                            
 Figure 4.7 presents the variation in the mean interface shear strength with residual 
application rates obtained for PG 64-22 applied on a clean and dry existing HMA surface.  It can 
be inferred from the test results that interface shear strength increased with an increase in the 
residual application rate.  The highest application rate, 0.70 (0.155) l/m2 (gal/yd2), provided the 
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Figure 4.7 Plot of Mean Interface Shear Strength and Mean Interface Tangential Modulus 
Against Residual Application Rate for PG 64-22 Tested on Existing HMA at 25oC                     
Without Vertical Confinement Pressure 
 
The statistical analysis for the mean interface shear strength groups presented in Figure 
4.7 is shown in Table 4.7.  The interface shear strength results obtained with PG 64-22 for the 
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considered application rates followed a similar statistical trend that observed for SS-1h.  Within 
the considered range, the highest residual application rate, 0.70 (0.155) l/m2 (gal/yd2) generated 
significantly higher interface shear strength, and was statistically ranked as an “A”.  However, 
since no statistical difference could be established between the mean interface shear strength 
groups for medium and lowest application rates, both were ranked as “B”. 
Table 4.7 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
PG 64-22 on a Clean and Dry Existing HMA Surface 
 
Residual Application Rate Mean Interface Shear Strength Ranking 
l/m2 gal/yd2 kpa Psi 
0.14 0.031 138.6 20.1 B 
0.28 0.062 154.4 22.4 B 
0.70 0.155 258.5 37.5 A 
 
Table 4.8 Statistical Analysis of Mean Interface Tangential Modulus Results Obtained for 
PG 64-22 on a Clean and Dry Existing HMA Surface 
 




0.14 0.031 163716 A 
0.28 0.062 179964 A 
0.70 0.155 150793 A 
 
CRS-1 on Existing HMA Surface 
 
Figure 4.8 presents the variation in the mean interface shear strength with residual 
application rates obtained for CRS-1 applied on a clean and dry existing HMA surface.  As 
observed for the other tack coat materials on existing HMA surface, CRS-1 also produced 
increasingly higher interface shear strength with an increase in the residual application rate.  The 
highest interface shear strength was observed at an application rate of 0.70 (0.155) l/m2 (gal/yd2). 
Table 4.9 shows the statistical analysis for the mean interface shear strength groups 
obtained at different residual application rates.  The difference between the mean interface shear 
strength obtained for the highest and the medium application rate were found to be statistically 
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insignificant, and hence both the groups were ranked as an “A”.  Ranked as “B”, the mean 
interface shear strength group for the lowest application rate was found to be significantly 
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Figure 4.8 Plot of Mean Interface Shear Strength and Mean Interface Tangential Modulus 
Against Residual Application Rate for CRS-1 Tested on Existing HMA at 25oC                   
Without Vertical Confinement Pressure 
 
Table 4.9 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
CRS-1 on a Clean and Dry Existing HMA Surface 
 
Residual Application Rate Mean Interface Shear Strength Ranking 
l/m2 gal/yd2 kPa Psi 
0.14 0.031 76.1 11.1 B 
0.28 0.062 129.8 18.8 A 
0.70 0.155 148.9 21.6 A 
 
Table 4.10 Statistical Analysis of Mean Interface Tangential Modulus Results Obtained for 
CRS-1 on a Clean and Dry Existing HMA Surface 
 




0.14 0.031 135556 A 
0.28 0.062 167579 A 
0.70 0.155 129948 A 
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Trackless on PCC Surface 
Figure 4.9 presents the variation in the mean interface shear strength with residual 
application rates obtained for trackless applied on a clean and dry PCC surface.  The test results 
show that, as the application rate was increased, there was an increase in the interface shear 
strength.  The highest interface shear strength was observed for 0.70 (0.155) l/m2 (gal/yd2), the 
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Figure 4.9 Plot of Mean Interface Shear Strength and Mean Interface Tangential Modulus 
Against Residual Application Rate for Trackless Tested on PCC at 25oC                                    
Without Vertical Confinement Pressure 
 
Table 4.11 shows the statistical analysis for the mean interface shear strength groups 
obtained at different residual application rates.  Each application rate generated a mean interface 
shear strength group which was statistically different from the others.  The highest residual 
application rate, 0.70 (0.155) l/m2 (gal/yd2), received the highest ranking “A”, whereas the 
lowest application rate, 0.14 (0.031) 0 l/m2 (gal/yd2) received the lowest ranking “C”. 
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Table 4.11 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
Trackless on a Clean and Dry PCC Surface 
 
Residual Application Rate Mean Interface Shear Strength Ranking 
l/m2 gal/yd2 kPa Psi 
0.14 0.031 87.5 12.7 C 
0.28 0.062 370.7 53.8 B 
0.70 0.155 589.2 85.5 A 
 
Table 4.12 Statistical Analysis of Mean Interface Tangential Modulus Results Obtained for 
Trackless on a Clean and Dry PCC Surface 
 




0.14 0.031 170633 B 
0.28 0.062 147818 B 
0.70 0.155 241714 A 
 
SS-1h on PCC Surface                                                                                                                               
Figure 4.10 presents the variation in the mean interface shear strength with residual 
application rates obtained for SS-1h applied on a clean and dry PCC surface.  The increase in 
residual application rate progressively increased the measured average interface shear strength.  
The highest mean interface shear strength of 378.4 (54.9) kPa (psi) was observed for the highest 
application rate.   
Table 4.13 shows the statistical analysis for the mean interface shear strength groups 
obtained for the considered range of residual application rates.  The variation of the mean 
interface shear strength was within the three residual application rates was found to be 
statistically significant. The groups were ranked as “A”, “B”, and “C” in the increasing order of 
application rates.  The highest application rate 0.70 (0.155) l/m2 (gal/yd2) yielded the highest 
interface shear strength which was statistically differentiated from others and ranked as “A”.  
The lowest application rate 0.14 (0.031) l/m2 (gal/yd2) provided the lowest interface shear 
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Figure 4.10 Plot of Mean Interface Shear Strength and Mean Interface Tangential 
Modulus Against Residual Application Rate for SS-1h Tested on PCC at 25oC 
Without Vertical Confinement Pressure 
 
Table 4.13 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
SS-1h on a Clean and Dry PCC Surface 
 
Residual Application Rate Mean Interface Shear Strength Ranking 
l/m2 gal/yd2 kPa Psi 
0.14 0.031 204.4 29.6 C 
0.28 0.062 309.8 44.9 B 
0.70 0.155 378.4 54.9 A 
 
Table 4.14 Statistical Analysis of Mean Interface Tangential Modulus Results Obtained for 
SS-1h on a Clean and Dry PCC Surface 
 




0.14 0.031 215891 A 
0.28 0.062 262909 A 
0.70 0.155 276921 A 
 
 PG 64-22 on PCC Surface                                                                                                                                                               
Figure 4.10 presents the variation in the mean interface shear strength with residual 
application rates obtained for PG 64-22 applied on a clean and dry PCC surface.  The test results 
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a trend that was contrary to the one observed for the other tack coat material types on PCC 
surface.  An increase in the residual application rate was characterized by a decrease in the mean 
interface shear strength.  The lowest application rate 0.14 (0.031) l/m2 (gal/yd2) provided the 
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Figure 4.11 Plot of Mean Interface Shear Strength and Mean Interface Tangential 
Modulus Against Residual Application Rate for PG 64-22 Tested on PCC at 25oC 
Without Vertical Confinement Pressure 
 
Table 4.15 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
PG 64-22 on a Clean and Dry PCC Surface 
 
Residual Application Rate Mean Interface Shear Strength Ranking 
l/m2 gal/yd2 kPa Psi 
0.14 0.031 336.9 48.9 A 
0.28 0.062 291.2 42.2 B 
0.70 0.155 236.8 34.3 C 
 
Table 4.15 shows the statistical analysis for the mean interface shear strength groups 
obtained for the considered range of residual application rates.  All the residual application rates 
were found to be statistically different from each other.  The mean interface shear strength value 
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received a ranking “A” for the lowest application rate 0.14 (0.031) l/m2 (gal/yd2), and a ranking 
of “C” for the highest application rate 0.70 (0.155) l/m2 (gal/yd2).                                                                              
Table 4.16 Statistical Analysis of Mean Interface Tangential Modulus Results Obtained for 
PG 64-22 on a Clean and Dry PCC Surface 
 




0.14 0.031 208137 B 
0.28 0.062 291324 A 
0.70 0.155 204828 B 
 
SS-1 on PCC Surface 
                                                                                                                        
Figure 4.12 presents the variation in the mean interface shear strength with residual 
application rates obtained for SS-1 applied on a clean and dry PCC surface.  The lowest 
application rate 0.14 (0.155) l/m2 (gal/yd2) failed to provide any interface shear strength.  The 
highest interface bond strength was generated by the highest residual application rate, followed 
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Figure 4.12 Plot of Mean Interface Shear Strength and Mean Interface Tangential 
Modulus Against Residual Application Rate for SS-1 Tested on PCC at 25oC 
Without Vertical Confinement Pressure 
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Table 4.17 shows the statistical analysis for the mean interface shear strength groups 
obtained for the considered range of residual application rates.  All the residual application rates 
were found to be statistically different from each other.  The mean interface shear strength value 
received a ranking “B” for the medium application rate 0.28 (0.062) l/m2 (gal/yd2), and a ranking 
of “A” for the highest application rate 0.70 (0.155) l/m2 (gal/yd2). 
Table 4.17 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
SS-1 on a Clean and Dry PCC Surface 
 
Residual Application Rate Mean Interface Shear Strength Ranking 
l/m2 gal/yd2 kPa Psi 
0.14 0.031 0.0 0.0 C 
0.28 0.062 50.9 7.4 B 
0.70 0.155 103.4 15.6 A 
 
Table 4.18 Statistical Analysis of Mean Interface Tangential Modulus Results Obtained for 
SS-1 on a Clean and Dry PCC Surface 
 




0.14 0.031   
0.28 0.062 106167 A 
0.70 0.155 164052 A 
 
SS-1h on Milled HMA Surface 
Figure 4.13 presents the variation in the mean interface shear strength with residual 
application rates obtained for SS-1h applied on a clean and dry milled surface.  The test results 
indicated that the increase in the residual application rate had a negligible influence on the 
variation in the interface shear strength.  Interestingly, no tack on milled HMA generated some 
shear strength.  Mathematically, the highest strength was generated by the highest application 
rate 0.70 (0.155) l/m2 (gal/yd2).  Table 4.19 shows the statistical analysis for the mean interface 
shear strength groups obtained for the considered range of residual application rates.  SS-1h, at 
all three residual application rates, provided mean interface shear strength values that could not 
  72
be statistically differentiated.  As a result, SAS analysis ranked the mean interface strengths at all 
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Figure 4.13 Plot of Mean Interface Shear Strength and Mean Interface Tangential 
Modulus Against Residual Application Rate for SS-1h Tested on Milled HMA at 
25oC Without Vertical Confinement Pressure 
 
Table 4.19 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
SS-1h on a Clean and Dry Milled HMA Surface 
 
Residual Application Rate Mean Interface Shear Strength Ranking 
l/m2 gal/yd2 kPa Psi 
0.00 0.00 56.6 8.2 B 
0.14 0.031 353.4 51.3 A 
0.28 0.062 349.5 50.7 A 
0.70 0.155 404.4 58.7 A 
 
Table 4.20 Statistical Analysis of Mean Interface Tangential Modulus Results Obtained for 
SS-1h on a Clean and Dry Milled HMA Surface 
 




0.00 0.00 139261 A 
0.14 0.031 144741 A 
0.28 0.062 135765 A 
0.70 0.155 149032 A 
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SS-1 on Milled HMA Surface 
Figure 4.14 presents the variation in the mean interface shear strength with residual 
application rates obtained for SS-1 applied on a clean and dry milled surface.  Numerically, the 
test results indicated that the interface shear strength increased with an increased in the 
application rate. However, the effect of the increase in the application rate diminished beyond the 
medium application rate, since the mean interface strength values obtained for the medium and 
the highest application rates were almost identical.  Table 4.21 shows the statistical analysis for 
the mean interface shear strength groups obtained for the considered range of residual 
application rates.  The highest and the medium residual application rates produced almost 
identical mean test values which obviously could not be differentiated by SAS, and hence were 
ranked as “As”.  The lowest application rate 0.14 (0.031) l/m2 (gal/yd2), however, was found to 
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Figure 4.14 Plot of Mean Interface Shear Strength and Mean Interface Tangential 
Modulus Against Residual Application Rate for SS-1 Tested on Milled HMA at 
25oC Without Vertical Confinement Pressure 
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Table 4.21 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
SS-1 on a Clean and Dry Milled HMA Surface 
 
Residual Application Rate Mean Interface Shear Strength Ranking 
l/m2 gal/yd2 kPa Psi 
0.00 0.00 56.6 8.2 C  
0.14 0.031 151.9 22.0 B 
0.28 0.062 334.4 48.5 A 
0.70 0.155 334.9 48.6 A 
 
Table 4.22 Statistical Analysis of Mean Interface Tangential Modulus Results Obtained for 
SS-1 on a Clean and Dry Milled HMA Surface 
 




0.00 0.00 139261 A 
0.14 0.031 69076 B 
0.28 0.062 159346 A 
0.70 0.155 184740 A 
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Figure 4.15 Plot of Mean Interface Shear Strength and Mean Interface Tangential 
Modulus Against Residual Application Rate for SS-1h Tested on New HMA at 
25oC Without Vertical Confinement Pressure 
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Figure 4.15 presents the variation in the mean interface shear strength with residual 
application rates obtained for SS-1h applied on a clean and dry New HMA surface.  The increase 
in residual application rate progressively increased the measured average interface shear 
strength.  The highest mean interface shear strength of 214.9 (31.2) kPa (psi) was observed for 
the highest application rate.  Table 4.23 shows the statistical analysis for the mean interface shear 
strength groups obtained for the considered range of residual application rates.  The highest 
application rate 0.70 (0.155) l/m2 (gal/yd2) and the medium application rate 0.28 (0.062) l/m2 
(gal/yd2) yielded similar mean interface shear strengths, and were ranked as “A”. The lowest 
application rate 0.14 (0.031) l/m2 (gal/yd2) provided the lowest interface shear strength, and was 
ranked as “C”. 
Table 4.23 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
SS-1h on a Clean and Dry New HMA Surface 
 
Residual Application Rate Mean Interface Shear Strength Ranking 
l/m2 gal/yd2 kPa Psi 
0.14 0.031 214.9 31.2 B 
0.28 0.062 202.1 29.3 A 
0.70 0.155 61.5 8.9 A 
 
Table 4.24 Statistical Analysis of Mean Interface Tangential Modulus Results Obtained for 
SS-1h on a Clean and Dry New HMA Surface 
 




0.14 0.031 128880 A 
0.28 0.062 174945 A 
0.70 0.155 151915 A 
 
4.4.1.1 Summary of Findings 
Irrespective of the tack coat material type and pavement surface type, the interface 
tangential modulus was found to be insensitive to the residual application rate. For majority of 
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the cases, the mean interface tangential modulus values were found to be statistically similar at 
all the three residual application rates.  
Figure 4.16 summarizes the influence of tack coat material types on pavement interface 
shear strength.  The tack coats were applied on existing HMA, PCC, milled HMA, and new 
HMA surfaces at three residual application rates;  low - 0.14 (0.031) l/m2 (gal/yd2), medium - 
0.28 (0.062) l/m2 (gal/yd2), high - 0.70 (0.155) l/m2 (gal/yd2). 
Influence of Tack Coat Material Type 
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Figure 4.16 Summary on Influence of Tack Coat Material Type on Pavement Interface 
Shear Strength 
 
On the existing HMA surface, trackless provided the highest interface shear strength at 
all the three residual application rates.  CRS-1 was the least effective tack coat type.  On PCC 
surface, at high and medium application rates, trackless, once again, emerged as the most 
effective tack coat type, followed by SS-1h, PG 64-22 and SS-1.  At the low application rate, PG 








strength at low application rate, and was the least effective tack coat type at all the three residual 
application rates.  On milled HMA surface, SS-1h and SS-1 performed equally well at high and 
medium application rates.  However, at the low application rate, SS-1h generated almost 2.5 
times the interface shear strength produced by SS-1.  
From the above findings, it can be concluded that, irrespective of the pavement surface 
type, trackless can be ranked as the most effective tack coat material type, followed by SS-1h 
and PG 64-22.  CRS-1 and SS-1 were the least effective tack coat material types.  This ranking is 
similar to the ranking obtained from the tack coat consistency tests, indicating that tack coats 
made of hard base asphalt cements, such as trackless, could potentially perform well in terms of 
providing interface bond strength. 
For existing HMA, PCC and new HMA surfaces, specimens extracted from “No Tack” or 
“Zero Application Rate” sections failed at the interface during coring.  Only milled surface 
generated some amount of interface shear strength at zero application  rate.  This signifies the 
importance of using a tack coat material at the interface to avoid poor bonding between the 
layers. 
4.4.2 Influence of Residual Application Rate on Interface Shear Strength 
0.70 l/m2 on Existing HMA Surface 
Figure 4.17 shows the variation in the mean interface shear strength obtained for different 
tack coat materials applied on clean and dry existing HMA surface at a residual application rate 
of 0.70 (0.155) l/m2 (gal/yd2).  Trackless provided the highest interface shear strength followed 
by SS-1h, PG 64-22, and CRS-1.  
Table 4.25 shows the statistical analysis for the mean interface shear strength groups 
obtained for the different tack coat material types considered at 0.70 (0.155) l/m2 (gal/yd2).  
Based on the mean interface shear strength yielded, all the four tack coat material types were 
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found to be statistically different from one another.  Trackless being the best performing tack 
coat, was ranked as an “A”.  Whereas, SS-1h, PG 64-22, and CRS-1 were ranked as “B”, “C”, 
and “D” respectively, indicating the progressively decreasing effectiveness of the tack coats in 




























Tack Coat Material Type
Residual Application Rate 0.70 l/m2 on
Clean and Dry Existing HMA Surface
 
 
Figure 4.17 Plot of Mean Interface Shear Strength Against Tack Coat Material Type for 
Residual Application Rate 0.70 l/m2 Tested on Existing HMA at 25oC                                          
Without Vertical Confinement Pressure  
 
Table 4.25 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
Residual Application Rate 0.70 l/m2 on a Clean and Dry Existing HMA Surface 
 
Tack Coat Material Type 
Mean Interface Shear Strength 
Ranking 
kpa Psi 
CRS-1 148.9 21.6 D 
PG 64-22 258.5 37.5 C 
SS-1h 415.9 60.3 B 
Trackless 654.8 95.0 A 
 
0.28 l/m2 on Existing HMA Surface                                                                                                         
Figure 4.18 shows the variation in the mean interface shear strength obtained for different 
tack coat materials applied on clean and dry existing HMA surface at a residual application rate 
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of 0.28 (0.062) l/m2 (gal/yd2).  Test results show that trackless provided the highest interface 



























Tack Coat Material Type
Residual Application Rate 0.28 l/m2 on 
Clean and Dry Existing HMA Surface
 
 
Figure 4.18 Plot of Mean Interface Shear Strength Against Tack Coat Material Type for 
Residual Application Rate 0.28 l/m2 Tested on Existing HMA at 25oC                                                 
Without Vertical Confinement Pressure  
 
Table 4.26 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
Residual Application Rate 0.28 l/m2 on a Clean and Dry Existing HMA Surface 
 
Tack Coat Material Type 
Mean Interface Shear Strength 
Ranking 
Kpa Psi 
CRS-1 129.8 18.8 B 
PG 64-22 154.4 22.4 B 
SS-1h 139.3 20.2 B 
Trackless 263.4 38.2 A 
Table 4.26 shows the statistical analysis for the mean interface shear strength groups 
obtained for the different tack coat material types considered at 0.28 (0.062) l/m2 (gal/yd2).  
Statistical analysis indicated that the mean interface shear strength provided by trackless was 
significantly higher than that of others.  Hence, trackless was ranked as “A”. Meanwhile, no 
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significant difference existed among the mean interface shear strength groups obtained for PG 
64-22, SS-1h, and CRS-1.  All three of them were ranked as “Bs”. 
0.14 l/m2 on Existing HMA Surface 
Figure 4.19 shows the variation in the mean interface shear strength obtained for different 
tack coat materials applied on clean and dry existing HMA surface at a residual application rate 
of 0.14 (0.031) l/m2 (gal/yd2).  Trackless provided the highest interface shear strength at 0.14 
(0.031) l/m2 (gal/yd2), following a trend that was also observed for 0.70 (0.155) l/m2 (gal/yd2) 
and 0.28 (0.062) l/m2 (gal/yd2).  PG 64-22 emerged as the next best tack coat, followed by SS-
1h, and SS-1.  The hierarchy of most to least effective tack coat type for 0.14 (0.031) l/m2 

























Tack Coat Material Type
Residual Application Rate 0.14 l/m2 on 
Clean and Dry Existing HMA Surface
 
 
Figure 4.19 Plot of Mean Interface Shear Strength Against Tack Coat Material Type for 
Residual Application Rate 0.14 l/m2 Tested on Existing HMA at 25oC                                    
Without Vertical Confinement Pressure  
 
Table 4.27 shows the statistical analysis for the mean interface shear strength groups 
obtained for the different tack coat material types considered at 0.14 (0.031) l/m2 (gal/yd2). 
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Trackless was, once again, statistically distinguished as the best performing tack coat with a 
ranking “A”.  SS-1h was ranked as “B”, whereas CRS-1 was ranked as “C”.  PG 64-22 provided 
a mean interface shear strength value which was partially, and not significantly, different from 
either trackless or SS-1, and was ranked as “A/B”. 
Table 4.27 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
Residual Application Rate 0.14 l/m2 on a Clean and Dry Existing HMA Surface 
 
Tack Coat Material Type Mean Interface Shear Strength Ranking 
Kpa Psi 
CRS-1 76.8 11.1 C 
PG 64-22 138.6 20.1 A/B 
SS-1h 118.1 17.1 B 
Trackless 151.0 21.9 A 
 



























Tack Coat Material Type
Residual Application Rate 0.70 l/m2 on 
Clean and Dry PCC Surface
 
 
Figure 4.20 Plot of Mean Interface Shear Strength Against Tack Coat Material Type for 
Residual Application Rate 0.70 l/m2 Tested on PCC at 25oC                                                   
Without Vertical Confinement Pressure 
  
Figure 4.20 shows the variation in the mean interface shear strength obtained for different 
tack coat materials applied on clean and dry PCC surface at a residual application rate of 0.70 
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(0.155) l/m2 (gal/yd2).  The test results showed that trackless provided the highest interface shear 
strength followed by SS-1h, PG 64-22, and SS-1.  Table 4.28 shows the statistical analysis for 
the mean interface shear strength groups obtained for the different tack coat material types 
considered at 0.70 (0.155) l/m2 (gal/yd2).  Statistical analysis showed that all the four tack coat 
material types were significantly different from each other.  In order of most to least effective 
tack coat type, trackless was ranked as an “A”, followed by SS-1h with a “B”, PG 64-22 with a 
“C”, and SS-1 with a “D”. 
Table 4.28 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
Residual Application Rate 0.70 l/m2 on a Clean and Dry PCC Surface 
 
Tack Coat Material Type Mean Interface Shear Strength Ranking 
Kpa Psi 
SS-1 103.4 15.0 D 
PG 64-22 236.8 34.3 C 
SS-1h 378.4 54.9 B 
Trackless 589.2             85.5 A 
 
0.28 l/m2 on PCC Surface      
Figure 4.21 shows the variation in the mean interface shear strength obtained for different 
tack coat materials applied on clean and dry PCC surface at a residual application rate of 0.28 
(0.062) l/m2 (gal/yd2).  The test results pattern obtained for application rate 0.28 (0.062) l/m2 
(gal/yd2) were similar to that observed for 0.70 (0.062) l/m2 (gal/yd2).  Once again, trackless 
provided the highest interface shear strength followed by SS-1h, PG 64-22, and SS-1.   
Table 4.29 shows the statistical analysis for the mean interface shear strength groups 
obtained for the different tack coat material types considered at 0.28 (0.062) l/m2 (gal/yd2).  With 
highest mean interface shear strength value, trackless was statistically distinguished as tack coat 
type “A”.  The mean interface strengths obtained by using SS-1h and PG 64-22 were not 
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significantly different from one another and both were ranked as “B”.  SS-1 provided 

























Tack Coat Material Type
Residual Application Rate 0.28 l/m2 on 
Clean and Dry PCC Surface
 
 
Figure 4.21 Plot of Mean Interface Shear Strength Against Tack Coat Material Type for 
Residual Application Rate 0.28 l/m2 Tested on PCC at 25oC                                                       
Without Vertical Confinement Pressure  
 
Table 4.29 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
Residual Application Rate 0.28 l/m2 on a Clean and Dry PCC Surface 
 
Tack Coat Material Type 
Mean Interface Shear Strength 
Ranking 
kpa Psi 
SS-1 50.9 7.4 C 
PG 64-22 291.2 42.2 B 
SS-1h 309.8 44.9 B 
Trackless 370.7 53.8 A 
 
0.14 l/m2 on PCC Surface                                                                                                                       
Figure 4.22 shows the variation in the mean interface shear strength obtained for different 
tack coat materials applied on clean and dry PCC surface at a residual application rate of 0.14 
(0.031) l/m2 (gal/yd2).  Test results showed that PG 64-22 provided the highest interface shear 
strength followed by SS-1h and trackless.  This was contrary to the general trend that had been 
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observed so far, where trackless established itself as the most effective tack coat material type, 
irrespective of the application rate or the surface type.  It should also be noted, that SS-1 failed to 




























Tack Coat Material Type
Residual Application Rate 0.14 l/m2 on 
Clean and Dry PCC Surface
 
 
Figure 4.22 Plot of Mean Interface Shear Strength Against Tack Coat Material Type for 
Residual Application Rate 0.14 l/m2 Tested on PCC at 25oC                                                      
Without Vertical Confinement Pressure  
 
Table 4.30 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
Residual Application Rate 0.14 l/m2 on a Clean and Dry PCC Surface 
 
Tack Coat Material Type 
Mean Interface Shear Strength 
Ranking 
Kpa Psi 
SS-1 0.0 0.0 D 
PG 64-22 336.9 48.9 A 
SS-1h 204.4 29.6 B 
Trackless 87.5 12.7 C 
 
Table 4.30 shows the statistical analysis for the mean interface shear strength groups 
obtained for the different tack coat material types considered at 0.14 (0.031) l/m2 (gal/yd2).  PG 
64-22 provided the highest interface shear strength that was significantly different from the rest, 
and received a ranking “A”. 
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0.70 l/m2 on Milled HMA Surface                                                                                                              
Figure 4.23 shows the variation in the mean interface shear strength obtained for different 
tack coat materials applied on clean and dry milled surface at a residual application rate of 0.70 
(0.155) l/m2 (gal/yd2).  Table 4.31 shows the statistical analysis for the mean interface shear 
strength groups obtained for the different tack coat material types considered at 0.70 (0.155) l/m2 
(gal/yd2).  No statistical difference could be established between the mean interface strengths 

























Tack Coat Material Type
Residual Application Rate 0.70 l/m2 on 
Clean and Dry Milled HMA Surface
 
 
Figure 4.23 Plot of Mean Interface Shear Strength Against Tack Coat Material Type for 
Residual Application Rate 0.70 l/m2 Tested on Milled HMA at 25oC                                                      
Without Vertical Confinement Pressure 
  
Table 4.31 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
Residual Application Rate 0.70 l/m2 on a Clean and Dry Milled HMA Surface 
 
Tack Coat Material Type 
Mean Interface Shear Strength 
Ranking 
Kpa Psi 
SS-1 334.9 48.6 A 





0.28 l/m2 on Milled HMA Surface                                                                                                     
Figure 4.24 shows the variation in the mean interface shear strength obtained for different 
tack coat materials applied on clean and dry milled surface at a residual application rate of 0.28 
(0.062) l/m2 (gal/yd2).  Table 4.32 shows the statistical analysis for the mean interface shear 
strength groups obtained for the different tack coat material types considered at 0.28 (0.062) l/m2 
(gal/yd2).  Once again, the mean interface strengths obtained for SS-1 and SS-1h could not be 
























Tack Coat Material Type
Residual Application Rate 0.28 l/m2 on 
Clean and Dry Milled HMA Surface
 
 
Figure 4.24 Plot of Mean Interface Shear Strength Against Tack Coat Material Type for 
Residual Application Rate 0.28 l/m2 Tested on Milled HMA at 25oC Without Vertical 
Confinement Pressure  
 
Table 4.32 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
Residual Application Rate 0.28 l/m2 on a Clean and Dry Milled Surface 
 
Tack Coat Material Type 
Mean Interface Shear Strength 
Ranking 
Kpa psi 
SS-1 334.4 48.5 A 





0.14 l/m2 on Milled HMA Surface                                                                                                      
Figure 4.25 shows the variation in the mean interface shear strength obtained for different 
tack coat materials applied on clean and dry milled surface at a residual application rate of 0.14 
(0.031) l/m2 (gal/yd2).  Table 4.33 shows the statistical analysis for the mean interface shear 
strength groups obtained for the different tack coat material types considered at 0.14 (0.031) l/m2 
(gal/yd2). A significant difference was found between the two tack coat types.  SS-1h provided 
























Tack Coat Material Type
Residual Application Rate 0.14 l/m2 on 
Clean and Dry Milled HMA Surface
 
 
Figure 4.25 Plot of Mean Interface Shear Strength Against Tack Coat Material Type for 
Residual Application Rate 0.14 l/m2 Tested on Milled HMA at 25oC                                       
Without Vertical Confinement Pressure  
 
Table 4.33 Statistical Analysis of Mean Interface Shear Strength Test Results Obtained for 
Residual Application Rate 0.14 l/m2 on a Clean and Dry Milled Surface 
 
Tack Coat Material Type 
Mean Interface Shear Strength 
Ranking 
Kpa psi 
SS-1 151.9 22.0   B 




4.4.2.1 Summary of Findings 
Figure 4.26 shows how the increase in the residual application influences the interface 
shear strength of tack coats applied on different types of surfaces.  The interface shear strength 
was found to increase with an increase in the residual application rate for all the tack coats 
applied on existing HMA, PCC, milled HMA, and new HMA surface.  The only exception found 
was PG 64-22 on PCC surface, which reduced the bond strength with an increase in the residual 
application range.   
Influence of Residual Application Rate 






































































Figure 4.26 Summary on Influence of Residual Application Rate on Pavement Interface 
Shear Strength 
Hence, within the considered range of residual field application rate, 0.14 (0.031) to 0.70 
(0.155) l/m2 (gal/yd2), an optimum residual application rate could not be established for either of 
the surface types considered in the study. This may be attributed to the highly-oxidized HMA 





PCC Existing  
HMA 
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under actual field conditions, optimum application rates may be greater than what is commonly 
predicted from laboratory-based experiments.  While higher application rates may increase 
interface shear strength, excessive tack coat may migrate into the HMA mat during compaction 
causing a decrease in the air void content of the mix. 
4.4.3 Influence of Pavement Surface Type on Interface Shear Strength                                                                              
SS-1h on New HMA, Existing HMA, PCC and Milled HMA Surface                                                                    
 Figure 4.27 shows the variation in the mean interface shear strength obtained for SS-1h 
applied on different clean and dry surface types at a residual application rate of 0.70 (0.155) l/m2 
(gal/yd2).  The highest mean interface shear strength was generated by existing HMA, followed 






























Comparison of Clean and Dry Surface Types for 
SS-1h at Residual Application Rate 0.70 l/m2
 
 
Figure 4.27 Plot of Mean Interface Shear Strength Against Pavement Surface Type for     
SS-1h Tested for Residual Application Rate 0.70 l/m2 at 25oC                                                   
Without Vertical Confinement Pressure 
 
Table 4.34 shows the statistical analysis for the mean interface shear strength groups 
obtained for the different surface types for SS-1h considered at a residual application rate 0.70 
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(0.155) l/m2 (gal/yd2).  Statistical analysis showed that SS-1h generated similar interface bond 
strengths on existing HMA, milled HMA, and PCC surface with no significant difference. 
Hence, all the three surface type groups received the same ranking of “A”.  Meanwhile, the new 
HMA surface provided the least interface shear strength with SS-1h tack coat, for which it was 
ranked “B”. 
Table 4.34 Statistical Analysis for Mean Interface Shear Strength Test Results Obtained 
for SS-1h Applied at Residual Application Rate 0.70 l/m2 
 
Surface Type Mean Interface Shear Strength Ranking 
Kpa psi 
New 214.9 31.2 B 
Existing 415.8 60.3 A 
PCC 378.5 54.9 A 






























Comparison of Clean and Dry Surface Types for 
SS-1h at Residual Application Rate 0.28 l/m2
 
 
Figure 4.28 Plot of Mean Interface Shear Strength Against Pavement Surface Type for     
SS-1h Tested for Residual Application Rate 0.28 l/m2 at 25oC                                                   
Without Vertical Confinement Pressure 
 
Figure 4.28 shows the variation in the mean interface shear strength obtained for SS-1h 
applied on different clean and dry surface types at a residual application rate of 0.28 (0.062) l/m2 
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(gal/yd2).  SS-1h generated the highest interface bond strength on milled HMA surface, followed 
PCC, new HMA, and existing HMA surface. Table 4.35 shows the statistical analysis for the 
mean interface shear strength groups obtained for the different surface types for SS-1h 
considered at a residual application rate 0.28 (0.062) l/m2 (gal/yd2).  All the four surface types 
produced bond strengths that were significantly different from one another.  For the considered 
tack coat material, milled HMA surface was the most effective surface type in terms of 
generating interface bond strength, and was ranked as “A”. On the other hand, the least effective 
surface type, existing HMA, was ranked “D”. 
Table 4.35 Statistical Analysis for Mean Interface Shear Strength Test Results Obtained 
for SS-1h Applied at Residual Application Rate 0.28 l/m2 
 
Surface Type Mean Interface Shear Strength Ranking 
Kpa psi 
New 202.1 29.3 C 
Existing 139.3 20.2 D 
PCC 309.8 44.9 B 
Milled 349.5 50.7 A 
 
 Figure 4.29 shows the variation in the mean interface shear strength obtained for SS-1h 
applied on different clean and dry surface types at a residual application rate of 0.14 (0.031) l/m2 
(gal/yd2).  The test results showed that SS-1h generated the highest interface bond strength on 
milled HMA surface, followed PCC, existing HMA, and new HMA surface. 
Table 4.36 shows the statistical analysis for the mean interface shear strength groups 
obtained for the different surface types for SS-1h considered at a residual application rate 0.14 
(0.031) l/m2 (gal/yd2).  Statistical analysis showed that the lowest application rate was also able 
to significantly differentiate the surface types from each other.  In order of the most to least 
effective surface type, SAS ranked milled HMA as “A”, followed by PCC with “B”, existing 






























Comparison of Clean and Dry Surface Types for 
SS-1h at Residual Application Rate 0.14 l/m2
 
 
Figure 4.29 Plot of Mean Interface Shear Strength Against Pavement Surface Type for     
SS-1h Tested for Residual Application Rate 0.14 l/m2 at 25oC                                                    
Without Vertical Confinement Pressure 
 
Table 4.36 Statistical Analysis for Mean Interface Shear Strength Test Results Obtained 
for SS-1h Applied at Residual Application Rate 0.14 l/m2       
 
Surface Type Mean Interface Shear Strength Ranking 
Kpa psi 
New 61.5 8.9 D 
Existing 118.1 17.1 C 
PCC 204.4 29.6 B 
Milled 353.4 51.3 A 
 
Trackless on Existing HMA and PCC Surface 
 Figure 4.30 shows the variation in the mean interface shear strength obtained for trackless 
applied on different clean and dry surface types at a residual application rate of 0.70 (0.155) l/m2 
(gal/yd2).  Table 4.37 shows the statistical analysis for the mean interface shear strength groups 
obtained for the different surface types for trackless considered at a residual application rate 0.70 
(0.155) l/m2 (gal/yd2).  The statistical analysis showed that the mean interface shear strength 
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groups for existing HMA surface and PCC surface were not significantly different.  Hence, both 




























Comparison of Clean and Dry Surface Types for
Trackless at Residual Applicaiton Rate 0.70 l/m2
 
 
Figure 4.30 Plot of Mean Interface Shear Strength Against Pavement Surface Type for     
Trackless Tested for Residual Application Rate 0.70 l/m2 at 25oC                                               
Without Vertical Confinement Pressure 
 
Table 4.37 Statistical Analysis for Mean Interface Shear Strength Test Results Obtained 
for Trackless Applied at Residual Application Rate 0.70 l/m2 
 
Surface Type Mean Interface Shear Strength Ranking 
Kpa psi 
Existing 654.8 95.0 A 
PCC 589.2 85.5 A 
 
 Figure 4.31 shows the variation in the mean interface shear strength obtained for trackless 
applied on different clean and dry surface types at a residual application rate of 0.28 (0.062) l/m2 
(gal/yd2).  Table 4.38 shows the statistical analysis for the mean interface shear strength groups 
obtained for the different surface types for trackless considered at a residual application rate 0.28 
(0.062) l/m2 (gal/yd2).  The SAS analysis provided evidence of significant difference between the 
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two surface types.  Among the two, PCC surface generated higher bond strength and was ranked 

























Comparison of Clean and Dry Surface Types for
Trackless at Residual Applicaiton Rate 0.28 l/m2
 
 
Figure 4.31 Plot of Mean Interface Shear Strength Against Pavement Surface Type for     
Trackless Tested for Residual Application Rate 0.28 l/m2 at 25oC                                              
Without Vertical Confinement Pressure 
 
Table 4.38 Statistical Analysis for Mean Interface Shear Strength Test Results Obtained 
for Trackless Applied at Residual Application Rate 0.28 l/m2 
 
Surface Type 
Mean Interface Shear Strength 
Ranking 
Kpa psi 
Existing 263.4 38.2 B 
PCC 370.3 53.8 A 
 
 Figure 4.32 shows the variation in the mean interface shear strength obtained for trackless 
applied on different clean and dry surface types at a residual application rate of 0.14 (0.031) l/m2 
(gal/yd2).  Table 4.39 shows the statistical analysis for the mean interface shear strength groups 
obtained for the different surface types for trackless considered at a residual application rate 0.14 
(0.031) l/m2 (gal/yd2).  A significant difference was found between the two surface types.  
  95
Existing HMA surface provided higher mean interface shear strength, and was ranked as “A”, 

























Comparison of Clean and Dry Surface Types for
Trackless at Residual Applicaiton Rate 0.14 l/m2
 
 
Figure 4.32 Plot of Mean Interface Shear Strength Against Pavement Surface Type for     
Trackless Tested for Residual Application Rate 0.14 l/m2 at 25oC                                            
Without Vertical Confinement Pressure 
 
Table 4.39 Statistical Analysis for Mean Interface Shear Strength Test Results Obtained 
for Trackless Applied at Residual Application Rate 0.14 l/m2 
 
Surface Type 
Mean Interface Shear Strength 
Ranking 
Kpa psi 
Existing 151.0 21.9 A 
PCC 87.5 12.7 B 
 
PG 64-22 on Existing HMA and PCC Surface 
 Figure 4.33 shows the variation in the mean interface shear strength obtained for PG 64-
22 applied on different clean and dry surface types at a residual application rate of 0.70 (0.155) 
l/m2 (gal/yd2).  Table 4.40 shows the statistical analysis for the mean interface shear strength 
groups obtained for the different surface types for PG 64-22 considered at a residual application 
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rate 0.70 (0.155) l/m2 (gal/yd2).  The mean interface strengths obtained for existing HMA surface 



























Comparison of Clean and Dry Surface Types for
PG 64-22 at Residual Applicaiton Rate 0.70 l/m2
 
 
Figure 4.33 Plot of Mean Interface Shear Strength Against Pavement Surface Type for     
PG 64-22 Tested for Residual Application Rate 0.70 l/m2 at 25oC                                              
Without Vertical Confinement Pressure 
 
Table 4.40 Statistical Analysis for Mean Interface Shear Strength Test Results Obtained 
for PG 64-22 Applied at Residual Application Rate 0.70 l/m2 
 
Surface Type 
Mean Interface Shear Strength 
Ranking 
Kpa psi 
Existing 258.5 37.5 A 
PCC 236.8 34.3 A 
 
 Figure 4.34 shows the variation in the mean interface shear strength obtained for PG 64-
22 applied on different clean and dry surface types at a residual application rate of 0.28 (0.062) 
l/m2 (gal/yd2).  Table 4.41 shows the statistical analysis for the mean interface shear strength 
groups obtained for the different surface types for PG 64-22 considered at a residual application 
rate 0.28 (0.062) l/m2 (gal/yd2).  The effectiveness of both the surface types in generating bond 
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strength was found to be significantly different.  SAS ranked PCC surface as “A”, and existing 



























Comparison of Clean and Dry Surface Types for
PG 64-22 at Residual Applicaiton Rate 0.28 l/m2
 
 
Figure 4.34 Plot of Mean Interface Shear Strength Against Pavement Surface Type for     
PG 64-22 Tested for Residual Application Rate 0.28 l/m2 at 25oC                                                           
Without Vertical Confinement Pressure 
 
Table 4.41 Statistical Analysis for Mean Interface Shear Strength Test Results Obtained 
for PG 64-22 Applied at Residual Application Rate 0.28 l/m2 
 
Surface Type Mean Interface Shear Strength Ranking 
Kpa psi 
Existing 154.4 22.4 B 
PCC 291.2 42.2 A 
 
 Figure 4.35 shows the variation in the mean interface shear strength obtained for PG 64-
22 applied on different clean and dry surface types at a residual application rate of 0.14 (0.031) 
l/m2 (gal/yd2).  Table 4.42 shows the statistical analysis for the mean interface shear strength 
groups obtained for the different surface types for PG 64-22 considered at a residual application 
rate 0.14 (0.031) l/m2 (gal/yd2).  Even at the lower application rate, PCC surface obtained 
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significantly higher bond strength with PG 64-22, and statistically ranked as “A”.  The lesser 




























Comparison of Clean and Dry Surface Types for
PG 64-22 at Residual Applicaiton Rate 0.14 l/m2
 
 
Figure 4.35 Plot of Mean Interface Shear Strength Against Pavement Surface Type for     
PG 64-22 Tested for Residual Application Rate 0.14 l/m2 at 25oC                                  
Without Vertical Confinement Pressure 
 
Table 4.42 Statistical Analysis for Mean Interface Shear Strength Test Results Obtained 
for PG 64-22 Applied at Residual Application Rate 0.14 l/m2 
 
Surface Type 
Mean Interface Shear Strength 
Ranking 
Kpa psi 
Existing 138.6 20.1 B 
PCC 336.9 48.9 A 
 
4.4.3.1 Summary of Findings 
 Figure 4.36 provides a comparison of influence of different surface types on the interface 
shear strength.  SS-1h, PG 64-22 and trackless were the only three tack coat materials that were 
applied on multiple surfaces.  
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Effect of Surface Type 
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Figure 4.36 Summary on Influence of Pavement Surface Type on Pavement Interface 
Shear Strength 
 
 SS-1h was the only tack coat that was applied on all the surface types.  PG 64-22 and 
trackless were applied on existing HMA and PCC surfaces.  Among all the surface types that 
were tacked with SS-1h, milled HMA surface provided the highest interface shear strength at 
low and medium residual application rates.  However, at the high application rate, existing 
HMA, PCC, and milled HMA produced similar interface bond strength.  Among the existing 
HMA and PCC surfaces that were tacked with PG 64-22, the later was found to provide 
significantly higher interface shear strengths that the former at low and high application rates. 
However, at the high application rates, both the surface types generated similar bond strengths. 
For trackless, It was found that existing HMA and PCC surfaces exhibited similar characteristics 










4.4.4 Effect of Cleanliness on Interface Shear Strength 
 
In order to evaluate the influence of cleanliness on interface shear strength, interfaces 
were treated with application of dirt and were compared to the ones without dirt (clean 
interfaces).  The effect of cleanliness on interface shear strength was only evaluated on existing 
HMA surface, at 0 (0) kpa (psi) and 138 (20) kPa (psi), with four tack coat materials; SS-1h, 
CRS-1, trackless, and PG 64-22.  It must be noted that dirty interfaces for PG 64-22 on existing 
HMA surface were not tested at 138 (20) kPa (psi) vertical confinement pressure. 
Figure 4.37 and Figure 4.38 shows the effect of cleanliness on the interface bond strength 
at 0 (0) kpa (psi) and 138 (20) kPa (psi) vertical confinement pressure, respectively.  The mean 
interface shear strength values for clean and dirty conditions were statistically analyzed (Table 
4.43 and Table 4.44).  Paired t-test on the mean was performed at a 95% confidence level.  An 
asterisk on top of the bar graph indicates significantly higher interface shear strength value for 
that paired condition.   
It was seen that dirt has a positive influence on the interface bond strength.  It appears 
from the results that dusty conditions exhibited higher interface strength than clean conditions, 
especially when tested with a confinement condition.  For most of the cases, unclean interfaces 
provided significantly high shear strengths than clean interfaces.  
 One possible explanation for such an outcome could be the development of a mastic like 
material due to interaction of dirt with tack coat material.  This could have increased the 





Effect of Cleanliness on Existing HMA Surface 
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Figure 4.37 Influence of Cleanliness on Pavement Interface Shear Strength for Existing 
HMA Surface Tested at 0 kPa Vertical Confinement Pressure 
 
Table 4.43 Statistical Analysis of Mean Interface Shear Strength Test Results to Evaluate 
the Influence of Cleanliness on Pavement Interface Shear Strength for Existing HMA 







Significant? Clean Dirty 
Trackless 
0.14 151.0 230.9 YES 
0.28 263.4 567.5 YES 
0.70 654.8 650.9 NO 
SS-1h 
0.14 118.1 143.4 YES 
0.28 139.3 81.5 YES 
0.70 415.9 377.4 YES 
PG 64-22 
0.14 138.6 407.6 YES 
0.28 154.4 117.4 YES 
0.70 258.5 251.3 NO 
CRS-1 
0.14 76.8 98.5 NO 
0.28 129.8 124.3 NO 


















Effect of Cleanliness on Existing HMA Surface
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Figure 4.38 Influence of Cleanliness on Pavement Interface Shear Strength for Existing 
HMA Surface Tested at 138 kPa Vertical Confinement Pressure 
 
Table 4.44 Statistical Analysis of Mean Interface Shear Strength Test Results to Evaluate 
the Influence of Cleanliness on Pavement Interface Shear Strength for Existing HMA 







Significant? Clean Dirty 
Trackless 
0.14 219.7 323.7 YES 
0.28 377.2 776.3 YES 
0.70 668.9 804.4 YES 
SS-1h 
0.14 178.6 235.6 YES 
0.28 176.6 122.0 YES 
0.70 436.7 489.0 NO 
PG 64-22 
0.14  Not Tested  
0.28  Not Tested  
0.70  Not Tested  
CRS-1 
0.14 120.6 160.7 NO 
0.28 130.2 196.3 YES 
















4.4.5 Influence of Wetness on Interface Shear Strength 
The effect of moisture or wetness on the interface shear strength was evaluate on existing 
HMA surface, PCC, and milled surface.  In order to evaluate the influence of wetness on 
interface shear strength, interfaces were treated with application of water and were compared to 
the ones without water (dry interfaces).  The mean interface shear strength values for clean and 
dirty conditions were statistically analyzed.  Paired t-test on the mean was performed at a 95% 
confidence level.  An asterisk on top of the bar graph indicates significantly higher interface 
shear strength value for that paired condition. 
On the existing HMA surface, the wet condition was evaluated for SS-1h and PG 64-22. 
The test results showed that, in general, wet condition generated similar interface shear strengths 
as the dry condition (Figure 4.39).  On the PCC surface, the wet condition was evaluated for 
trackless, SS-1h, PG 64-22, and SS-1.  Once again, it was seen that wet condition provided 
similar interface bond strengths as the dry condition.  It must be noted that PG 64-22 failed to 
generate any bond strength at low and medium application rates under wet conditions.  On the 
milled surface, the wet condition was evaluated for only one material, SS-1h.  The results 
showed that similar interface shear strength results were obtained under dry and wet conditions 
for low and medium application rates.  However, the presence of water significantly reduced the 
interface shear strength at the high application rate (Figure 4.41). 
From the above findings, it can be concluded that the presence of moisture has negligible 
influence on pavement interface bond strength since the placement temperature of an overlay on 
the pavement surface will cause the water to either evaporate or to infiltrate to the underlying 
layers. 
  104







0.14 0.28 0.70 0.14 0.28 0.70





















Figure 4.39 Influence of Wetness on Pavement Interface Shear Strength for Existing HMA 
Surface Tested at 0 kPa Vertical Confinement Pressure 
 
Table 4.45 Statistical Analysis of Mean Interface Shear Strength Test Results to Evaluate 
the Influence of Wetness on Pavement Interface Shear Strength for Existing HMA Surface  







Significant? Dry Wet 
SS-1h 
0.14 118.1 147.4 YES 
0.28 139.3 179.1 YES 
0.70 415.4 418.2 NO 
PG 64-22 
0.14 132.6 103.2 NO 
0.28 154.4 207.4 YES 


















0.14 0.28 0.70 0.14 0.28 0.70 0.14 0.28 0.70 0.14 0.28 0.70





















Figure 4.40 Influence of Wetness on Pavement Interface Shear Strength for PCC Surface 
Tested at 0 kPa Vertical Confinement Pressure 
 
Table 4.46 Statistical Analysis of Mean Interface Shear Strength Test Results to Evaluate 
the Influence of Wetness on Pavement Interface Shear Strength for PCC Surface          







Significant? Dry Wet 
Trackless 
0.14 87.5 140.6 YES 
0.28 370.7 474.2 YES 
0.70 589.2 539.8 NO 
SS-1h 
0.14 204.4 148.4 YES 
0.28 309.8 316.2 NO 
0.70 378.4 372.0 NO 
PG 64-22  
0.14 336.9 0.0 YES 
0.28 291.2 0.0 YES 
0.70 236.8 237.4 NO 
SS-1 
0.14 0.0 0.0  
0.28 50.9 84.6 YES 
0.70 103.4 156.2 YES 







































Figure 4.41 Influence of Wetness on Pavement Interface Shear Strength for Milled HMA 
Surface Tested at 0 kPa Vertical Confinement Pressure 
 
Table 4.47 Statistical Analysis of Mean Interface Shear Strength Test Results to Evaluate 
the Influence of Wetness on Pavement Interface Shear Strength for Milled HMA Surface 







Significant? Dry Wet 
SS-1h 
0.14 353.6 371.2 NO 
0.28 349.6 345.4 NO 
0.70 404.6 266.2 YES 
 
4.4.6 Influence of Vertical Confinement Pressure on Interface Shear Strength 
 
The effect of vertical confinement pressure on the interface bond strength was evaluated 
for all the materials on clean and dry existing HMA, PCC and miiled HMA surface.  Samples 




of interface shear strength obtained at 138 (20) kPa (psi) to the interface shear strength obtained 
at 0 (0) kPa (psi)  was used to examine if vertical confining pressure had any role to play on the 
interface bond strength.  
Figure 4.42 shows the effect of vertical confinement pressure on the interface shear 
strength results obtained for different types of tack coat materials on existing HMA surface.  The 
results showed that the effect of vertical confinement pressure on the interface shear strength 
decreased with an increase in the residual application rate for most of the tack coat materials, but 
PG 64-22.  Only in case of PG 64-22, the percentage increase in the bond strength with vertical 
confinement pressure at the high application rate was significantly high in comparison with other 
tack coat types at the same application rate.   
Figure 4.43 shows the effect of vertical confinement pressure on the interface shear 
strength results obtained for different types of tack coat materials on PCC surface.  On PCC 
surface, it was observed that each tack coat material behaved differently with vertical 
confinement pressure.  For trackless, the effect of confining pressure decreased with an increase 
in the application rate.  It should be noted here that trackless showed the same kind of response 
on existing HMA surface.  For SS-1h, the interface bond strength was found to be insensitive to 
confining pressure at all the application rates.   However, for PG 64-22 and SS-1, the effect of 
confinement increased with an increase in the residual application rate.  
Figure 4.44 shows the effect of vertical confinement pressure on the interface shear 
strength results obtained for different types of tack coat materials on milled HMA surface.  It 
was clearly observed that the strength ratio due to confinement decreases as residual application 
rate increases.   
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Effect of Vertical Confinement Pressure 
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Figure 4.42 Influence of Vertical Confinement Pressure on Pavement Interface Shear 
Strength for Clean and Dry Existing HMA Surface 
 






Vertical Confinement Pressure, 
kPa ISSconfined / 
ISSunconfined 0 (Unconfined) 138 (Confined) 
Trackless 
0.14 151.0 219.7 1.45 
0.28 263.4 377.2 1.43 
0.70 654.8 668.9 1.02 
SS-1h 
0.14 118.1 178.6 1.51 
0.28 139.3 178.6 1.28 
0.70 415.9 436.7 1.05 
PG 64-22 
0.14 138.6 247.4 1.78 
0.28 154.4 189.7 1.23 
0.70 258.5 467.5 1.81 
CRS-1 
0.14 76.8 120.6 1.57 
0.28 129.8 130.2 1.00 
0.70 148.9 158.6 1.067 
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Effect of Vertical Confinement Pressure 
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Figure 4.43 Influence of Vertical Confinement Pressure on Pavement Interface Shear  
Strength for Clean and Dry PCC Surface 
 






Vertical Confinement Pressure, 
kPa ISSconfined / 
ISSunconfined 0 (Unconfined) 138 (Confined) 
Trackless 
0.14 87.5 179.2 2.05 
0.28 370.7 535.8 1.45 
0.70 589.2 626.5 1.06 
SS-1h 
0.14 204.4 224.7 1.10 
0.28 309.8 327.9 1.06 
0.70 378.4 389.4 1.03 
PG 64-22 
0.14 336.9 385.9 1.15 
0.28 291.2 390.6 1.34 
0.70 236.8 319.8 1.35 
SS-1 
0.14 0.00 0.00  
0.28 50.9 53.2 1.45 
0.70 103.4 277.4 2.68 
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Effect of Vertical Confinement Pressure 

































Figure 4.44 Influence of Vertical Confinement Pressure on Pavement Interface Shear 
Strength for Clean and Dry Milled Surface 
 






Vertical Confinement Pressure, 
kPa ISSconfined / 
ISSunconfined 0 (Unconfined) 138 (Confined) 
Trackless 
0.14 353.6 401.2 1.13 
0.28 349.6 580.9 1.66 
0.70 404.6 553.7 1.37 
SS-1h 
0.14 152.0 278.4 1.83 
0.28 334.5 385.5 1.15 
0.70 335.0 349.4 1.04 
 
From the above findings, the most evident conclusion is that the ratio of interface shear 
strength obtained with a 138 (20) kPa (psi) vertical confinement pressure to 0 (0) kPa (psi) 
vertical confinement pressure was always greater one.  As the application rate decreased, 
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increasing the confining pressure resulted in a more pronounced contribution of the effect of 
roughness and aggregate resistance to sliding at the interface.  However, at higher application 
rates, the effect of aggregate roughness and resistance to sliding was less critical since most of 








































CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Summary and Conclusions 
The study investigated the influence of several factors affecting the interface shear 
strength of pavement layers.  The factors examined included tack coat material type, residual 
application rate, pavement surface type, construction conditions (cleanliness and wetness), and 
vertical confinement pressure.  
The performance of tack coats on four different pavement surfaces was evaluated:  
Existing HMA, New HMA, Milled HMA, and PCC.  Tack coat was distributed with 100% 
coverage.  Four types of emulsified tack coats, CRS-1, SS-1h, SS-1, and trackless, and one 
binder AC PG 64-22 were considered at three application rates; 0.14 (0.031) l/m2 (gal/yd2), 0.28 
(0.062) l/m2 (gal/yd2), and 0.70 (0.155) l/m2 (gal/yd2).  These residual application rates 
represented low, medium, and high rates respectively.  In addition, “no tack coat” condition was 
also included in the analysis.  The effects of construction condition (cleanliness and wetness) 
were also considered.  Direct shear tests were performed at 25 (77) oC (oF) under two vertical 
confinement pressures, 0 (0) Kpa (psi) and 138 (20) KPa (psi).  To assess the variation in the 
results, triplicate samples were tested.  
From the test results, two material response parameters; a) Interface shear strength, and 
b) Interface tangential modulus, were computed and statistically analyzed to establish a 
relationship with the factors evaluated.  Based on the principle objectives of the study, the 
following conclusions were drawn. 
Influence of Tack Coat Material Type on Pavement Interface Bond Strength 
• Existing HMA Surface: Trackless provided the highest interface shear strength at all the 
residual application rates, 0.14 (0.031) l/m2 (gal/yd2), 0.28 (0.062) l/m2 (gal/yd2), and 0.70 
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(0.155) l/m2 (gal/yd2).  SS-1h and PG 64-22 were ranked following Trackless, respectively. 
CRS-1 was the least effective tack coat material type at all the three residual application 
rates.  The highest interface shear strength value, 654.8 kPa, was obtained for Trackless at 
0.70 l/m2, whereas the lowest value of 76.8 kPa was exhibited by CRS-1 at 0.14 l/m2.   
PCC Surface: Trackless, once again, emerged as the most effective tack coat type at 0.28 
(0.062) l/m2 (gal/yd2), and 0.70 (0.155) l/m2 (gal/yd2), followed by SS-1h, PG 64-22 and SS-
1.  SS-1 was the least effective tack coat type at all the three residual application rates.  The 
highest interface shear strength value, 589.2 kPa, was obtained for Trackless at 0.70 l/m2, 
whereas the lowest value of 0.0 kPa was exhibited by SS-1 at 0.14 (0.031) l/m2 (gal/yd2). 
Milled HMA Surface: SS-1h and SS-1 performed equally well at 0.28 (0.062) l/m2 
(gal/yd2), and 0.70 (0.155) l/m2 (gal/yd2).  However, at 0.14 (0.031) l/m2 (gal/yd2), SS-1h 
generated almost 2.5 times the interface shear strength produced by SS-1.  The highest 
interface shear strength value, 404.6 kPa, was obtained for SS-1h at 0.70 (0.155) l/m2 
(gal/yd2), whereas the lowest value of 152.0 kPa was exhibited by SS-1 at 0.14 (0.031) l/m2 
(gal/yd2). 
Influence of Residual Application Rate on Pavement Interface Bond Strength 
• For all the tack coats applied on existing HMA, PCC, milled HMA, and new HMA surface, 
the interface shear strength was found to increase with an increase in the residual application 
rate.  The only exception found was PG 64-22 on PCC surface, which where a reduction in 
bond strength was observed with an increase in the residual application rate.  
Influence of Pavement Surface Type on Pavement Interface Bond Strength 
• SS-1h was applied on all the four pavement surfaces, amongst which, milled HMA surface 
provided the highest interface shear strength at 0.14 (0.031) l/m2 (gal/yd2), 0.28 (0.062) l/m2 
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(gal/yd2).  At 0.70 (0.155) l/m2 (gal/yd2), existing HMA, PCC, and milled HMA produced 
similar interface bond strength.  
• Among the existing HMA and PCC surfaces that were tacked with PG 64-22, the PCC 
surface provided significantly higher interface shear strengths than the existing HMA 
surface at 0.14 (0.031) l/m2 (gal/yd2), 0.28 (0.062) l/m2 (gal/yd2).  At 0.70 (0.155) l/m2 
(gal/yd2), however, both the surfaces generated similar bond strengths. 
• For trackless, existing HMA and PCC surfaces provided similar bond strength values at all 
the three residual application rates. 
Influence of Construction Conditions on Pavement Interface Bond Strength 
• Cleanliness: Compared to clean interfaces, interfaces treated with dirt were found to 
generate higher interface shear strength.  Particularly, when tested with a vertical 
confinement pressure of 138 kPa, interface treated with dirt provided significantly higher 
shear strengths than clean interfaces.  One possible explanation for such an outcome could 
be the development of a mastic like material due to interaction of dirt with tack coat 
material.  This could have increased the viscosity of the tack coat material, and thus making 
the interface much more resistant to shear movement. 
• Wetness: The majority of the cases showed no statistically significant difference between 
dry and wet conditions.  Statistical analysis on the interface shear strength test data indicated 
that a small amount of water can be flashed away by the hot HMA mat and, practically 




Influence of Vertical Confinement Pressure on Pavement Interface Bond Strength 
• The ratio of interface shear strength obtained with a 138 kPa vertical confinement pressure 
to 0 kPa vertical confinement pressure was always greater.  This ratio was found to decrease 
with an increase in the residual application rate.  
5.2 Future Research Recommendations 
     In order to develop a better understanding about pavement interface bond strength, the 
followings recommendations, based on the observations reported in the study, are suggested for 
future research work. 
The interface shear strength test procedure developed in this study can be used to assess 
the bond strength between pavement layers. 
Within the considered application rate range, it was difficult to determine the optimum 
residual application rate.  This may be due to the highly-oxidized HMA surface which perhaps 
needed a greater tack coat rate than expected.  It may also indicate that under actual field 
conditions, optimum application rates may be greater than what is commonly predicted from 
laboratory-based experiments.  Hence, a wider residual application range is recommended for 
future field projects in order to establish an optimum application rate for actual field conditions. 
The change in pavement interface bond strength over time (curing effect) and traffic 
should be evaluated by testing field cores at an interval of every six months for a long term 
performance perspective.  This would require monitoring of field test sections constructed in this 
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APPENDIX B: INTERFACE SHEAR STRENGTH TEST RESULTS 
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0.14 l/m2 0.28 l/m2 0.70 l/m2 
Cleanliness Clean Dirty Clean Dirty Clean Dirty Clean Dirty Clean Dirty Clean Dirty 
Wetness Dry Dry Wet Wet Dry Dry Wet Wet Dry Dry Wet Wet 
ISS (0 kPa) 
116.5 142.2 142.8 133.5 153.2 78.2 171.3 133.5 386.2 345.0 462.5 356.4 
102.1 135.6 137.1 138.5 125.8 84.2 189.8 123.2 438.0 420.6 395.6 361.8 
135.6 152.2 162.2 157.2 138.9 82.1 176.2 142.7 423.7 366.7 396.4 365.3 
Mean 118.1 143.4 147.4 143.1 139.3 81.5 179.1 133.2 415.9 377.4 418.2 361.2 
S.D. 16.8 8.4 13.2 12.5 13.7 3.0 9.6 9.7 26.7 38.9 38.4 4.5 
COV 14.2 5.9 8.9 8.7 9.8 3.7 5.4 7.3 6.4 10.3 9.2 1.2 
ISS (138 
kPa) 
173.5 219.7 143.4 257.2 194.7 109.2 160.1 163.2 424.6 544.4 404.0 500.7 
164.7 212.4 169.3 235.2 156.0 121.8 186.8 174.6 458.1 461.9 404.6 476.6 
1976. 274.1 167.4 203.2 185.0 135.0 200.2 171.0 427.6 460.8 432.7 455.5 
Mean 178.6 235.6 160.0 231.9 178.6 122.0 182.4 169.6 436.7 489.0 413.8 477.6 
S.D. 17.0 33.8 14.4 27.2 20.2 12.9 20.4 5.8 18.5 48.0 16.4 22.6 
COV 9.5 14.4 9.0 11.7 11.3 10.6 11.2 3.4 4.2 9.8 4.0 4.7 
 
Note: ISS = Interface Shear Strength, S.D. = Standard Deviation, COV = Coefficient of Variance (%) 
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0.14 l/m2 0.28 l/m2 0.70 l/m2 0.14 l/m2 0.28 l/m2 0.70 l/m2 
Cleanliness Clean Dirty Clean Dirty Clean Dirty Clean Dirty Clean Dirty Clean Dirty 
Wetness Dry Dry Dry Dry Dry Dry Dry Dry Dry Dry Dry Dry 
ISS (0 kPa) 
72.2 108.1 129.6 108.2 132.0 258.4 139.1 210.6 297.9 538.3 608.7 632.5 
69.0 105.0 120.0 137.2 164.3 250.7 168.3 234.8 258.6 521.3 640.7 635.4 
89.1 82.4 139.6 127.6 150.4 252.9 145.4 247.4 233.6 642.7 714.9 683.9 
Mean 76.8 98.5 129.8 124.3 148.9 254.0 151.0 230.9 263.4 567.5 654.8 650.9 
S.D. 10.8 14.0 9.8 14.7 16.2 3.9 15.4 18.7 32.4 65.7 54.4 28.9 
COV 14.1 14.2 7.6 11.9 10.9 1.5 10.2 8.1 23.3 11.6 8.3 4.4 
ISS (138 
kPa) 
106.9 176.9 147.0 197.4 135.6 359.4 189.3 359.6 369.2 789.6 684.5 835.9 
139.9 143.1 121.1 213.0 164.1 350.4 236.8 276.9 357.0 807.5 585.4 786.1 
115.0 162.0 122.4 184.1 176.1 359.0 232.9 334.5 405.4 731.8 736.7 791.1 
Mean 120.6 160.7 130.2 196.3 158.6 356.3 219.7 323.7 377.2 776.3 668.9 804.4 
S.D. 17.2 16.9 14.6 11.7 20.8 5.1 26.4 42.4 25.2 39.6 76.9 27.4 
COV 14.3 10.6 11.2 6.0 13.1 1.4 12.0 13.1 6.7 5.1 11.5 3.4 
 
Note: ISS = Interface Shear Strength, S.D. = Standard Deviation, COV = Coefficient of Variance (%) 
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0.14 l/m2 0.28 l/m2 0.70 l/m2 
Cleanliness Clean Dirty Clean Dirty Clean Dirty Clean Dirty Clean Dirty Clean Dirty 
Wetness Dry Dry Wet Wet Dry Dry Wet Wet Dry Dry Wet Wet 
ISS (0 kPa) 
118.2 391.5 109.9 * 146.1 133.5 203.3 179.5 254.7 251.9 250.6 237.2 
152.3 411.1 102.1 * 176.8 107.8 204.2 204.8 278.7 257.6 233.3 227.5 
145.4 420.3 97.5 * 140.2 110.9 214.6 183.2 242.1 244.4 222.1 224.8 
Mean 138.6 407.6 103.2  154.4 117.4 207.4 189.2 258.5 251.3 235.3 229.8 
S.D. 18.1 14.7 6.2  19.7 14.0 6.3 13.7 18.6 6.6 14.4 6.5 
COV 13.0 3.6 6.1  12.7 11.9 3.0 7.2 7.2 2.6 6.1 2.8 
ISS (138 
kPa) 
244.1 A a a 162.1 a a a 418.4 a a a 
248.2 A a a 191.8 a a a 501.4 a a a 
250.0 A a a 215.1 a a a 482.6 a a a 
Mean 247.4    189.7    467.5    
S.D. 3.0    26.6    43.5    
COV 1.2    14.0    9.3    
 
Note: ISS = Interface Shear Strength, S.D. = Standard Deviation, COV = Coefficient of Variance (%) 
(*) indicates specimen failed at the interface during coring 
(a) indicates specimen not tested for that particular condition 
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0.14 l/m2 0.28 l/m2 0.70 l/m2 0.14 l/m2 0.28 l/m2 0.70 l/m2 
Cleanliness Clean Clean Clean Clean Clean Clean Clean Clean Clean Clean Clean Clean 
Wetness Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet 
ISS (0 kPa) 
93.2 142.2 373.4 444.7 561.7 508.8 215.4 132.1 311.1 322.0 352.7 344.6 
90.4 134.0 375.2 481.1 628.7 546.8 199.3 152.4 299.1 322.4 387.8 377.8 
78.8 145.4 363.4 496.9 577.4 563.7 198.5 160.6 319.1 304.3 394.8 393.6 
Mean 87.5 140.6 370.7 474.2 589.2 539.8 204.4 148.4 309.8 316.2 378.4 372.0 
S.D. 7.6 5.9 6.4 26.8 35.0 28.1 9.6 14.7 10.0 10.3 22.5 25.0 
COV 8.7 4.2 1.7 5.7 5.9 5.2 4.7 9.9 3.2 3.3 6.0 6.7 
ISS (138 
kPa) 
187.0 218.0 550.6 510.2 643.3 685.4 240.6 399.9 317.8 374.7 411.3 450.3 
166.2 238.9 579.5 654.1 659.8 635.0 208.8 404.3 363.4 354.4 375.0 386.9 
184.3 218.0 477.4 632.5 576.4 565.3 224.8 437.5 302.6 377.6 381.9 404.7 
Mean 179.2 224.9 535.8 598.9 626.5 628.6 224.7 413.9 327.9 368.9 389.4 415.0 
S.D. 11.3 12.1 52.6 77.6 44.2 60.3 15.9 20.5 31.6 12.7 19.3 32.3 
COV 6.3 5.4 9.8 13.0 7.1 9.6 7.1 5.0 9.6 3.4 4.9 7.8 
 
Note: ISS = Interface Shear Strength, S.D. = Standard Deviation, COV = Coefficient of Variance (%) 
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0.14 l/m2 0.28 l/m2 0.70 l/m2 0.14 l/m2 0.28 l/m2 0.70 l/m2 
Cleanliness Clean Clean Clean Clean Clean Clean Clean Clean Clean Clean Clean Clean 
Wetness Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet 
ISS (0 kPa) 
329.9  290.7  254.3 248.7   47.3 86.0 107.2 144.6 
330.0  303.1  230.7 219.6   53.0 77.5 111.2 148.4 
350.7  279.9  225.2 243.9   52.3 90.2 91.8 175.7 
Mean 336.9  291.2  236.8 237.4   50.9 84.6 103.4 156.2 
S.D. 12.0  11.6  15.5 15.6   3.1 6.4 10.2 17.0 
COV 3.6  4.0  6.5 6.6   6.1 7.6 9.9 10.9 
ISS (138 
kPa) 
362.2  374.2  319.2 419.2   53.5 153.8 244.1 235.1 
396.8  402.7  331.5 385.5   56.6 150.5 295.1 193.7 
398.6  395.1  308.6 362.8   49.4 185.4 293.0 239.2 
Mean 385.9  390.6  319.8 389.1   53.2 163.2 277.4 222.7 
S.D. 20.5  14.7  11.4 28.4   3.6 19.3 28.9 25.2 
COV 5.3  3.8  3.6 7.1   6.8 10.4 10.4 11.3 
 
Note: ISS = Interface Shear Strength, S.D. = Standard Deviation, COV = Coefficient of Variance (%) 
 
  129








































Cleanliness Clean Clean Clean Clean Clean Clean Clean Clean Clean 
Wetness Dry Wet Dry Wet Dry Wet Dry Dry Dry 
ISS (0 kPa) 
321.0 369.1 394.6 329.0 350.8 273.0 138.6 309.1 316.6 
404.6 374.4 296.7 361.6 426.1 244.7 163.3 337.8 371.8 
335.1 369.9 357.5 345.6 436.7 280.7 154.1 356.7 316.5 
Mean 353.6 371.2 349.6 345.4 404.6 266.2 152.0 334.5 335.0 
S.D. 44.8 3.0 49.4 16.3 46.8 19.0 12.5 23.9 31.9 
COV 12.7 0.8 14.1 4.7 11.6 7.1 8.2 7.2 9.5 
ISS (138 
kPa) 
399.0 563.9 607.7 405.7 548.6 344.8 293.8 400.8 352.8 
431.9 459.2 621.5 513.6 516.6 315.4 236.7 392.0 313.8 
372.6 484.5 513.5 410.5 595.8 311.8 304.8 363.6 381.5 
Mean 401.2 502.5 580.9 443.3 553.7 324.0 278.4 385.5 349.4 
S.D. 29.7 54.6 58.8 61.0 39.9 18.1 36.6 19.5 34.0 
COV 7.4 10.9 10.1 13.8 7.2 5.6 13.1 5.1 9.7 
 
Note: ISS = Interface Shear Strength, S.D. = Standard Deviation,                           
COV = Coefficient of Variance (%) 
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0.14 l/m2 0.28 l/m2 0.70 l/m2 
Cleanliness Clean 
Wetness Dry 
ISS (0 kPa) 
56.1 215.6 211.5 
60.0 186.9 215.2 
68.3 203.9 218.1 
Mean 61.5 202.1 214.9 
S.D. 6.2 14.4 3.3 
COV 10.1 7.1 1.5 
 
Note: ISS = Interface Shear Strength, S.D. = Standard 
Deviation, COV = Coefficient of Variance (%) 
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Type Existing HMA PCC New HMA Milled HMA 
ISS (0 kPa) 
* * * 56.3 
* * * 57.5 
* * * 55.9 
Mean    56.6 
S.D.    0.8 
COV    1.4 
ISS (138 
kPa) 
* * * * 
* * * * 
* * * * 
Mean     
S.D.     
COV     
 
Note: ISS = Interface Shear Strength, S.D. = Standard Deviation,                           
COV = Coefficient of Variance (%) 
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232543 217250 235441 191154 306901 207841 157890 156332 160899 224979 220121 106525 
232467 193308 265965 121795 203125 286437 196584 181073 129402 71143 132264 110692 
245373 318196 224936 280345 202009 275986 136675 202486 162077 110548 150352 172626 
Mean 236794 242918 242114 197765 237345 256755 163716 179964 150793 135556 167579 129948 
S.D. 7430 66283 21313 79481 60240 42682 30376 23097 18534 79909 46393 37019 
COV 3.1 27.3 8.8 40.2 25.4 16.6 18.6 12.8 12.3 58.9 27.7 28.5 
 














































183460 165684 211268 277011 235834 270798 198349 290555 199555 * 84706 196552 
179210 149684 260966 189638 293552 275945 215804 277324 181484 * 125620 178352 
149228 128086 252907 181022 259341 284019 210259 306093 233446 * 108174 117253 
Mean 170633 147818 241714 215891 262909 276921 208137 291324 204828  106167 164052 
S.D. 18658 18868 26673 53107 29024 6664 8919 14400 26379  20531 41538 
COV 10.9 12.8 11.0 24.6 11.0 2.4 4.3 4.9 12.9  19.3 25.3 
 
Note: ISS = Interface Shear Strength, S.D. = Standard Deviation, COV = Coefficient of Variance (%) 
(*) indicates specimen failed at the interface during coring 
 
  135















































136540 158017 130501 76235 124878 139107 
149659 117921 159035 74411 166067 183847 
148025 131356 157562 56583 187092 231266 
Mean 144741 135765 149032 69076 159346 184740 
S.D. 7149 20408 16066 10858 31647 46086 
COV 4.9 15.0 10.8 15.7 19.9 24.9 
 
Note: ISS = Interface Shear Strength, S.D. = Standard Deviation, 
COV = Coefficient of Variance (%) 
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82442 243184 137567 
157560 151517 171114 
146637 130135 147063 
Mean 128880 174945 151915 
S.D. 40586 60056 17292 
COV 31.5 34.3 11.4 
 
Note: ISS = Interface Shear Strength, 
S.D. = Standard Deviation,                              


























Type Existing HMA PCC New HMA Milled HMA 
ISS (0 kPa) 
* * * 137267 
* * * 130936 
* * * 149579 
Mean    139261 
S.D.    9480 
COV    6.8 
 
Note: ISS = Interface Shear Strength, S.D. = Standard Deviation, COV = 
Coefficient of Variance (%) 
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Sample SAS Program Used for Statistical Grouping / Ranking 
dm 'log;clear;output;clear'; 
options nodate nocenter nonumber; 
title 'ISS'; 
data one; 
input type sampl_no strength @@; 
cards; 
1 1 608.7 
1 2 640.7 
1 3 714.9 
2 1 386.2 
2 2 438.0 
2 3 423.7 
3 1 254.7 
3 2 278.7 
3 3 242.1 
4 1 132.0 
4 2 164.3 
4 3 150.4 
; 
ods rtf file='C:\Documents and Settings\npate19.EMCRF\My Documents\SAS 
Analysis\tukey.rtf'; 
proc print; 









ods rtf close; 
      quit; 
 
























Sample SAS Output Used for Statistical Grouping / Ranking 













The GLM Procedure 
Class Level Information 
Class Levels Values 
type 4 1 2 3 4 
Number of Observations Read 12 







Obs type sampl_no strength 
1 1 1 608.7 
2 1 2 640.7 
3 1 3 714.9 
4 2 1 386.2 
5 2 2 438.0 
6 2 3 423.7 
7 3 1 254.7 
8 3 2 278.7 
9 3 3 242.1 
10 4 1 132.0 
11 4 2 164.3 





The GLM Procedure 
Dependent Variable: Strength 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 3 433564.7333 144521.5778 134.69 <.0001 
Error 8 8583.8133 1072.9767   
Corrected Total 11 442148.5467    
 
R-Square Coeff Var Root MSE strength Mean 
0.980586 8.864240 32.75632 369.5333 
 
Source DF Type I SS Mean Square F Value Pr > F 
type 3 433564.7333 144521.5778 134.69 <.0001 
 
Source DF Type III SS Mean Square F Value Pr > F 
type 3 433564.7333 144521.5778 134.69 <.0001 
 
ISS 




Mean Std Dev 
1 3 654.766667 54.4794763 
2 3 415.966667 26.7518847 
3 3 258.500000 18.5935473 







The GLM Procedure 
T Tests (LSD) for strength 
Note: This test controls Type I comparisionwise  error rate, not the experimentwise error rate. 
Alpha 0.05 
Error Degrees of Freedom 8 
Error Mean Square 1072.977 





Means with the same letter are not significantly different. 
t Grouping Mean N Type 
A 654.77 3 1 
    
B 415.97 3 2 
    
C 258.50 3 3 
    




Sample SAS Program Used for Statistical Grouping / Ranking 
dm 'log;clear;output;clear'; 
options nodate nocenter nonumber; 
data one; 









ods rtf file='C:\Documents and Settings\npate19.EMCRF\My Documents\SAS Analysis\ttest.rtf'; 
proc print; 
proc ttest; class type; 
run; 













Sample SAS Output Used for Statistical Grouping / Ranking 
Obs type strength 
1 1 608.7 
2 1 640.7 
3 1 714.9 
4 2 561.7 
5 2 628.7 














Std Dev Std Dev 
Upper 
CL 





strength 1 3 519.43 654.77 790.1 28.365 54.479 342.39 31.454 608.7 714.9 
strength 2 3 502.22 589.27 676.31 18.244 35.041 220.22 20.231 561.7 628.7 
strength Diff 
(1-2) 




Variable Method Variances DF t Value Pr > |t| 
strength Pooled Equal 4 1.75 0.1548 





Equality of Variances 
Variable Method Num DF Den DF F Value Pr > F 
strength Folded 
F 
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